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Summary
In the pathological healing of chronic wounds the ordered sequence of tissue
restoration is disturbed. As a consequence, chronic wounds fail to heal
within months and pose a major impact on the patient by pain, odor, leakage,
and the risk of infection and the health care system by its constant treatment.
Introducing objective wound assessment by sensor technology into clinical
routine would help to guide treatment procedures and improve the healing
outcome.
The aim of this research study was the development of simple and effective
concepts to evaluate the wound status at the point of care. Requirements
for point of care testing include a fast and flexible device use by untrained
personal, reduced time and costs, as well as reliable and easy to interpret
results.
The complex nature of wounds can be divided into the different regimes of
physical appearance, biochemical status and microbiological environment,
which influence each other. Each regime is tackled separately in this work
by identifying possible parameters for wound analysis from the literature
and the design of sensor concepts to quantify these candidates.
A miniaturized, wearable sensor system for the integration in a wound
dressing was developed to collect healing relevant, physiological data.
The sensor measures optical reflectance, heart rate, arterial oxigenation,
surface pH, moisture and temperature. The function of the sensor system
was verified in a porcine wound model. A combination of surface pH,
reflected infrared, and red light showed to be the most significant parameter,
associated with the healing progress.
For the measurement of biochemical parameters a microfluidic platform
for the preparation of biosensing hydrogels by in situ polymerization was
designed. Introducing functional structures for gel patterning in the chip
fabrication allows for rapid assay customization. Simple handling and
functionality were illustrated by assays for matrix metalloproteinase, an
important factor in chronic wound healing. In addition, the demonstrated
assays for total protein concentration and cell counts indicate the
possibilities for a wide range of fast and simple diagnostics.
xi
xii Summary
The last part of the thesis discusses microfluidic technologies for rapid
analysis of bacteria. Preconcentration of bacteria by on-chip electrophoresis
and detection by a simple optical setup are presented. Furthermore, devices
for rapid and parallel growth-based bacterial identification and antibiotic
testing in microfluidic cultures were designed.
The presented results and demonstrated tools show that medical analysis
can be improved by sensor technologies that are simple to operate and yield
fast results at the point of care.
Kurzfassung
Im pathologischen Heilungsverlauf chronischer Wunden ist die geordnete
Abfolge der Gewebereparatur gesto¨rt. Dadurch ko¨nnen chronische Wunden
fu¨r Monate oder la¨nger nicht verheilen und verursachen betra¨chtliche
Einschra¨nkungen des Patienten durch Schmerzen, Geruch, Exudat und
das Infektionsrisiko sowie betra¨chtliche Kosten fu¨r die andauernde
Behandlungszeit. Eine objektive Wundbewertung durch die Einfu¨hrung
von Sensortechnologie in die klinische Praxis wu¨rde die Behandlung und
damit das Heilungsergebnis verbessern.
Das Ziel dieser Arbeit war die Entwicklung von einfachen, effektiven
Konzepten zur Wundstatus-Analyse in patientennaher Labordiagnostik
(Point of care testing, POCT). Die Mo¨glichkeit eines schnellen und flexiblen
Einsatzes durch ungeschultes Personal, geringer Zeit- und Kostenaufwand,
sowie verla¨ssliche und einfach zu interpretierende Ergebnisse bilden die
Vorraussetzungen fu¨r POCT Systeme.
Die Komplexita¨t von Wunden kann in die sich gegenseitig beeinflussenden
Bereiche der physikalischen Beschaffenheit, den biochemischen Zustand
und die mikrobiologische Umgebung unterteilt werden. In der vorliegenden
Arbeit werden diese drei Bereiche unabha¨ngig voneinander untersucht.
Diese Untersuchung umfasst eine Literaturrecherche zu mo¨glichen
Parametern sowie die Realisierung von Sensorkonzepten zur Messung der
identifizierten Kandidaten.
Zur Erfassung heilungsrelevanter physiologischer Daten in einem
Wundverband wurde ein tragbares, miniaturisiertes Sensorsystem
entwickelt. Der Sensor misst optische Reflektion, Puls, arterielle
Sauerstoffsa¨ttigung, pH-Wert, Feuchtigkeit und Temperatur. Die Funktion
des Sensors wurde in einem Wundheilungsmodell an Schweinen getestet.
Eine Kombination aus den Werten von pH-Wert, reflektiertem Infrarot und
rotem Licht zeigte die ho¨chste Korrelation mit dem Heilungsverlauf.
Fu¨r die Messung von biochemischen Parametern wurde eine
mikrofluidische Plattform mit biosensitiven Hydrogelen entworfen.
Funktionelle Strukturen fu¨r die Gelstrukturierung in dieser Plattform
erlauben die einfache Bereitstellung unterschiedlicher Tests.
xiii
xiv Kurzfassung
Die einfache Handhabung und hohe Funktionalita¨t wurde durch die
Messung von Matrixmetalloproteinase, einem wichtigen Parameter in der
Wundheilung, belegt. Zusa¨tzliche Tests fu¨r Gesamtproteingehalt und
Zellza¨hlung zeigen die Mo¨glichkeiten fu¨r eine vielseitige Diagnostik auf.
Der letzte Teil dieser Arbeit pra¨sentiert mikrofluidische Technologien
fu¨r die Analyse von Bakterien. Die Aufkonzentrieung von Bakterien
durch on-chip Elektrophorese und die Detektion durch ein einfaches
optisches Setup werden gezeigt. Zusa¨tzlich wurde ein System fu¨r
parallele, wachstumsbasierte Identifikation von Bakterien und Antibiotika
Wirksamkeitstests entwickelt.
Die pra¨sentierten Ergebnisse und vorgestellten Prototypen zeigten, dass
medizinische Analysen durch Sensortechnologie verbessert werden ko¨nnen
falls diese einfach und schnell genug fu¨r die Implementierung in der
klinischen Praxis sind.
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Chapter 1
Introduction
In the world today, sensors and sensor systems become more and more
important. Over the last decades, computers have changed from specialized
work tools to everyday companions. Driven by that enormous presence of
computing devices, their need for interaction with the environment has led
to a similar but delayed evolution of sensor systems. As a consequence,
we are surrounded by a diversity of sensors, which assist us to collect
information about our environment and ourselves. Health care and medical
diagnostics are no exception in this development.
The global market for disposable medical sensors was estimated at 3.8
billion USD in 2013 and is expected to grow at more than 10% annually
until 2020. Wearable and diagnostic strip sensors account for the biggest
share of disposable medical sensors market. The growing demand of patient
monitoring and disease diagnostics is driven by the increasing geriatric
population and growing prevalence of chronic diseases. Home healthcare
and point of care diagnostics require miniaturized, cost effective sensors,
which are operated by portable and hand-held medical devices [1].
The development of new sensing concepts and diagnostic procedures
contributes to the improvement of health-related quality of life for
individuals and society as a whole. Extending objective measurements
in medicine will help to avoid personal errors in treatment and accelerate
diagnosis of complex diseases. Impaired healing and chronic wounds
represent such a class of a complex disease with huge implications for
the patients and the health care system. Disturbed healing often is
related to comorbidities and requires individual and protracted treatment.
Introducing objective and detailed wound evaluation at different levels (i.e.
physical, biochemical, microbiological) would help to optimize treatment
and, therefore, save costs and lives.
1
2 1 Introduction
1.1 Wound Healing - A Highly Ordered
Sequence of Events
The human skin is not only our largest organ but also a protective layer
for muscles, bones and organs. It consists of two distinct layers, the outer
epidermis and the underlying dermis. The epidermis mainly consists of
keratinocyte cells with the stratum corneum, the outermost layer of dead
cells, serving as a protective layer against pathogens. An important part of
pathogen defense is the acid mantle, a pH value of the stratum corneum
between 4 and 6.5.
The dermis is a thicker, underlying layer, composed of 80% collagen of
dermis dry mass. Its main functions are providing mechanical strength,
moisture retention, as well as blood and oxygen supply [2].
Mechanical traumas, burns, surgical incisions, and other injuries that
disrupt skin and tissue are considered as wounds. Healing of a wound is
a complex process to restore the functions of the skin in several distinct
phases. The healing process is influenced by many systemic factors such
as patient age, malnutrition, obesity or cigarette smoking. Comorbidities
including vascular disorders, diabetes mellitus or malignancy can lead
to impaired wound healing with risk of infections and development of
chronic wounds [3]. A chronic wound fails to progress through the normal
sequence of repair and is stalled in an early phase of healing without
restoring functional tissue. In contrast, an acute wound heals in a timely
and uncomplicated manner [2]. An overview on acute and chronic healing
mechanisms is given in the following sections.
1.1.1 Wound Healing Mechanisms
Wound healing is a complex sequence of events starting from the injury
until the complete closure and functional restoration of the tissue. A healed
wound, however, reaches only 70% to 80% of tensile strength compared
to normal skin. Usually, the healing process is divided into the four
stages of hemostasis, inflammation, proliferation and remodeling [2]. The
many mechanisms taking place are regulated by chemical signals between
cells, namely cytokines and growth factors. Due to the large number and
redundant function of these factors only the most important are mentioned
in the following. For details, refer to DIEGELMANN and EVANS [4], and
WERNER and GROSE [5].
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Hemostasis is the first step of healing after the disruption of blood vessels.
When blood fills the wound, platelets are exposed to the extracellular
matrix. Upon activation, they aggregate, degranulate and form a fibrin
clot to stop the bleeding. A secondary function of platelets is to release
chemotactic and growth factors to initiate further steps of the healing
sequence [6].
Inflammation is divided into the early and late inflammatory phase. In
the early inflammatory response, neutrophils invade the wound to remove
bacteria and damaged tissue by phagocytosis within 24 to 36 hours. Growth
factors, such as platelet derived growth factor (PDGF) and transforming
growth factor (TGF-β) play an important role in the sequence of effects by
attracting and activating neutrophils.
Damaged matrix components that must be replaced are degraded by matrix
metalloproteinase enzymes (MMP-2 and MMP-9), which are released
by neutrophils. Monocytes are attracted to the wound site in the late
inflammatory phase (48 to 72 h post-wounding) by some of the same
chemotactic factors as neutrophils. Monocytes are transformed to tissue
macrophages, which continue phagocytosis of pathogens and debris, and
destroy remaining neutrophils. Macrophages are considered to play a key
role in the transition from inflammation to repair by providing TGF-α,
TGF-β as well as other cytokins for the activation of keratinocytes and
fibroblasts. [6, 7]
Proliferation is the phase of reepithelialization and dermal restoration.
At an early stage of repair keratinocytes at the wound edge migrate across
the wound gap. Migration of keratinocytes, an important step for healing,
is facilitated by MMP-1 [8]. Reepithelialization also involves keratinocyte
proliferation at the wound edge to supply sufficient cells to migrate and
cover the wound [6].
Dermal reconstruction starts with fibroblast migration and proliferation and
is clinically characterized by granulation tissue. Fibroblasts are responsible
for production of collagen and other matrix proteins. However, the collagen
formation in the early stage of repair is premature and non-structured [6,9].
Remodeling or maturation is the last step in acute wound healing and
may last up to a year. Synthesis and degradation of the extracellular matrix
is tightly regulated during the whole healing process.
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The activity of MMPs is gradually reduced by tissue inhibitors of
metalloproteinases (TIMPs), promoting matrix formation. Collagen begins
to cross-link over time and the wound is contracted, leading to a matured
scar with high tensile strength [7].
1.1.2 Impaired Healing and Chronic Wounds
In pathological conditions the highly ordered sequence of events described
above is disturbed. Chronic wounds or ulcers are a severe problem for
patients and the health care system. A chronic wound is stalled in an early
phase of healing and shows no further improvement after 3 months. A
chronic wound has tremendous effects on patients quality of life due to pain,
malodor or leakage. In addition, it poses the risk of lethal morbidity, such
as sepsis and amputation. About 1% of adult population and 3.6% of people
older than 65 years are affected by lower limb ulcers [10]. Worldwide 347
million people are affected by diabetes [11]. An estimated 15% of these
diabetic patients develop a diabetic foot ulcer [12]. As treatment may take
up to several years and ulceration is likely to be recurrent, the economic
impact on the health care system is apparent.
Chronic ulcers often result from different morbidities including venous and
arterial ulcers, diabetic foot ulcers and pressure ulcers. A pressure ulcer also
referred to as bedsore is an injury usually over a bony area due to constant
pressure or friction. Patients with lack of sensation as with spinal cord injury
are at risk to develop pressure ulcers [2].
Venous ulcers account for more than 80% of leg ulcers and result from
reduced blood flow due to venous disease or calf muscle pump failure.
Common risk factors are obesity and arthritis of the hip, knee or ankle
[10, 13]. Venous ulcers often are triggered by traumas, such as surgeries,
fractures, burns, insect bites, scratches and blunt traumas.
Arterial ulcers result from an inadequate blood supply and often occur over
pressure points. Atherosclerosis is the most common underlying pathology.
Diabetes is not a primary cause for ulceration but a diabetic foot ulcer
may develop due to sensory neuropathy or ischaemia. Unnoticed, painless
trauma are the most common reason for diabetic foot ulcers [10].
Impaired wound healing is characterized by a severe and prolonged
inflammatory response. Abundance of neutrophils and increased levels
of MMPs (especially MMP-9) inhibit further steps of the normal healing
process.
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Although it has not been fully explained why chronic wounds without
infection have elevated levels of MMPs, they have shown to be key players
in poor healing and regulation can facilitate the healing process [14].
All chronic wounds contain bacteria but infection is only present when a
critical colonization is exceeded. The risk of infection is determined by
the number of organisms, their virulence and the host resistance. A high
bacterial burden or infection also creates a pro-inflammatory environment
that delays healing [15]. The presence of biofilms is discussed to inhibit
efficient eradication of bacteria by neutrophils and antimicrobials. Thus,
some authors stress that nonhealing wounds are often related to biofilms
[16].
Despite their different etiology chronic wounds show some common factors,
including ischemia (reperfusion) and a sustained inflammatory environment
by bacterial colonization. In addition to these factors, an altered stress
response to injury in the elderly fosters the development of chronic wounds
[17].
1.2 Conventional Wound Care Techniques
Wound preparation is often performed according to the TIME (or DIME)
principle including Tissue Debridement, Inflammation and infection
control, Moisture balance and observation of the wound Edge [15, 18–20].
Tissue debridement removes necrotic tissue, eschar and biofilms that
shield bacterial colonies. Debridement enhances blood supply and helps
to restore biological balance. Surgical debridement is considered the most
effective method. If not feasible due to pain, lack of time or expertise,
autolytic debridement in a moist environment is applied. [15]
Infection is clinically diagnosed. Indications for high bacterial burden or
infections are:
• Nonhealing wound due to prolonged inflammatory response.
• Increased wound exudate
• Red and bleeding wound
• Necrotic tissue and debris
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• Smell from the wound
As stated in Section 1.1.2, the bacterial burden of a wound can be related
to the progress of healing. However, quantitative biopsies are not performed
in practice because of costs, time and the risk of introducing infections [21].
Surface swabs are only used to identify resistant organisms and to guide
antimicrobial therapy when an infection based on the clinical indicators has
been diagnosed [15].
Moisture balance of the wound is an important issue to achieve optimal
healing. It is widely accepted now that healing is promoted in a moist
environment. Moisture promotes migration of keratinocytes and increases
growth factor receptor density on fibroblasts [18]. However, it is important
to avoid maceration of the surrounding skin by excessive wound exudate.
Damage of the surrounding skin is associated with corrosive components
of exudate [22]. Depending on the amount of exudate an adequate wound
dressing is chosen to balance moisture. Dressings can be divided into
absorbent and hydrating dressings (Table 1.1).
Edge of the wound observation is a tool to evaluate the healing progress.
For example, SHEEHAN et al. found a 50% reduction of wound area of
diabetic ulcers in 4 weeks to be a good indicator for healing within 3
months [23]. If the wound edge is not migrating after wound bed preparation
according to the previous steps, reassessment of the patient is necessary to
rule out other factors.
The healing progress of wounds is currently assessed dimensionally and
visually. Visual observation includes physiological criteria, such as
presence of necrotic tissue, exudate, epithelialization and granulation,
which are subjectively valuated [24].
Dimensional measurements of length, width, area or volume are objective
methods to evaluate progress of healing. Several two- and three-
dimensional measurement methods have been developed. The simplest are
to measure linear dimensions with a ruler or trace the wound onto a sterile,
transparent film. More advanced techniques are scaled photographs and
computerized stereo photogrammetry [25].
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Dressing Properties Application
Absorbent dressings
Foam Porous polyurethane,
thermal insulation,
permeable to gas and
water, high absorbency and
long wear time
Venous ulcer with high
levels of exudate
Hydrofiber Sodium carboxymethyl
cellulose, provides
moisture balanced milieu,
slow autolysis
Moderately exudative
wounds, wounds with
increased bioburden
Calcium
alginate
Alginate in fibers, ion
exchange between exudate
and dressing forms gel,
hemostatic, autolytic
Moderately exudative
wounds
Negative
pressure
wound
therapy
Topical subathmospheric
pressure by vacuum pump
with airtight sealed foam
dressing
Manage excess exudate of
critically colonized wounds
Hydrating dressings
Hydrogel Semipermeable,
nonadherent,
semitransparent, soothing
on burns
Dry, sloughy wounds with
mild exudate
Hydrocolloid Hydrocolloid gel,
impermeable to vapor,
autolytic debridement
Chronic ulcers, burns
Film Elastic, transparent,
semipermeable
polyurethane, least
moisture balance
Intravenous catheters,
newly healed wounds
Table 1.1: Wound dressing materials for moisture balance and indicated
applications [18].
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1.3 Study Objectives
As discussed in the previous sections, the assessment of chronic wounds
greatly relies on subjective methods. The only widespread measurements
in clinical wound care are of dimensional nature. In order to guide and
evaluate wound treatment in an optimal manner, advanced methods have to
be developed. Requirements for such new tools include a safe, simple and
flexible operation, a clinical relevant and easy to interpret output, and cost
effectiveness [26].
Due to the complexity and variety of wounds, a single parameter to
determine healing has not been identified. The parameters in question
might be of physical, microbiological or biochemical origin. While physical
measurements mainly are performed directly at the wound site, biochemical
and microbiological tests make use of a sample in the form of a swab,
absorbed wound fluid, or a tissue biopsy.
The objective of this work is to identify possible approaches for fast wound
assessment in a clinical setting or for home testing, generally referred to
as point of care testing. Bioanalytical techniques, including point of care
testing usually require a series of tasks which may include:
• Sample acquisition
• Sample pre-treatment, purification, pre-concentration
• Assay or test preparation
• Testing procedure, device operation
• Results readout and presentation
Optimization of these tasks to generate a fully integrated diagnostic
system or functional, modular units is an integral part of current research.
The aim of this work is to design and realize new tools for the before
mentioned tasks to facilitate the determination of the status of a wound. The
requirements for point of care testing call for miniaturized sensors, operated
with little external equipment. The research is divided into the topics of
physical in situ measurements, biochemical sample analysis, and bacterial
testing, which are discussed in the following chapters. Literature reviews
are included to identify possible markers and parameters.
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1.4 Outline of the Thesis
Chapter 2 focuses on physical measurements directly at the wound site. It
provides an introduction to wearable sensor systems and highlights relevant
physical parameters. The development and fabrication of a sensor system
for wound dressing integration is described, followed by data analysis of a
trial, conducted at the University of Veterinary Medicine, Vienna.
Chapter 3 gives a brief introduction to rapid microfluidic diagnostics and
an overview over common lab on a chip fabrication technologies. Key
technologies, utilized for the fabrication of prototypes and devices, are
discussed in the sections 3.2 and 3.2.
Chapter 4 is dedicated to the design and development of a microfluidic
system for biochemical exudate analysis. The literature of biomarkers is
reviewed in section 4.1 in order to identify promising candidates for point
of care analysis. Parameter selection and design aspects are highlighted.
Experimental results of the microarray for a set of analytes are presented.
Chapter 5 describes concepts for rapid microbiological analysis. A
brief illustration of the microbiological wound environment is given in
section 5.1. An electrophoretic method for preconcentration of bacteria is
introduced in section 5.2. Based on these results, a low-cost setup for the
point of care quantification of the bacterial burden is presented in section
5.3. For further bacterial analysis a microfluidic chip for rapid cultivation-
based antibiotic testing and bacterial identification is covered by section 5.4.
Chapter 6 draws the main conclusions of this research and discusses
further possibilities and trends.
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Chapter 2
Wearable System for Direct
Wound Monitoring
This chapter presents a miniaturized and disposable sensor system for
integration into a wound dressing and wound status evaluation at the wound
site. The introduction provides a detailed review of the literature about
physical measurement methods and parameters for wound assessment as
well as miniaturized sensor concepts. On this basis, a multi-parametric
sensor system for wound assessment was developed.
Parts of the development of the presented sensor have been
published in Organically modified silicate film pH sensor
for continuous wound monitoring, in Proceedings IEEE
Sensors 2011, ISBN: 978-1-4244-9288-6; S. 679 - 682,
http://dx.doi.org/10.1109/ICSENS.2011.6127220 reprinted by permission
of IEEE, ©2011 IEEE and Characterization of a Multi-parameter Sensor
for Continuous Wound Assessment, Procedia Engineering, 47 (2012), S.
985 - 988, http://dx.doi.org/10.1016/j.proeng.2012.09.312.
2.1 Introduction
Monitoring of physiological processes by wearable devices has become
of high interest in recent years. Vital signs are recorded in a continuous
manner in order to monitor the health condition of an individual. Possible
applications include monitoring of sport performance, gait analysis and
detection of pathological events. Sensor systems for the assessment
of physiological parameters such as body temperature, heart rate and
electrocardiogram have been in the focus of recent research. Design
parameters that have to be considered include size and weight limitations,
low device costs, biocompatibility, data storage and interpretable results
[27–29]. Therefore, the selection of parameters, which are accessible for
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wearable devices is limited.
Besides wearable inertial sensors for gait analysis, detection of
falls and monitoring of patients with Parkinson’s disease [30, 31],
photoplethysmography for heart rate and arterial oxygen saturation has been
the single most application for optical wearables [32–38]. Application of
biochemical sensors in wearable systems is limited because of difficulties
with analyte sampling, transport, and washing steps [39].
A special focus of physiological measurements has been the monitoring of
chronic healing wounds because of their impact on patients and the health
care system [40,41]. Minimizing the amount of disturbing dressing changes
while gaining vital information on the wound status is the promising goal of
introducing sensor technology into wound management [42,43]. Parameters
that have been in focus in conventional wound bed measurements include
temperature, moisture, pH, oxygen and optical methods (visible light
and near-infrared absorption). A summary of relevant parameters and
their ranges is given in table 2.1. Several studies have reported on
increased temperatures in chronic wound healing and infections [44–46]
and temperature monitoring has been discussed as a prediction for diabetic
foot ulceration [47].
Monitoring the surface pH value of the wound bed has been discussed as
a potential parameter for an objective wound assessment [48–50]. In intact
skin, the epidermis provides a protective layer of an acidic pH value, which
is unfavorable for the growth of most pathogenic bacteria. Upon injury, an
alkaline pH of the underlying tissue is present, which subsequently follows
a trajectory to restore the acidic milieu of normal skin [49]. pH values
measured in chronic wounds varied from a pH of 5.45 to 8.65 [51]. The
pH value in wound healing is not only passively regulated but also actively
influences biochemical processes, such as the activity of enzymes [48, 49].
SCHREML et al. presented a method for two-dimensional mapping of pH in
wounds [52]. Concepts for miniaturized pH sensors include pH-sensitive
hydrogels [53–55] and screen printed electrodes [56, 57]. In addition,
colorimetric principles have proven to be very efficient for disposable
sensors, as they are cost efficient and simple to read [58–60]. Organically
modified sol gels (Ormosils) have shown to offer tunable properties to
optimize optical pH sensors in respect to mechanical resistance and dye
leaching characteristics. [61, 62].
Oxygen concentration has been shown to play a pivotal role in wound
healing processes and, therefore, has been considered for therapeutic
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and monitoring applications. Reactive oxygen species (ROS) from
enzymatically converted oxygen are involved in cytokine release, cell
motility and extracellular matrix formation [63]. SMART et al. [64] suggest
a value of 10 to 40 mmHg for wound hypoxia in comparison with normal
values of 60 to 70 mmHg. Local tissue partial oxygen pressure (pO2) is
directly determined by a Clark electrode or luminescence lifetime imaging
(LLI) while indirect methods include optical methods, such as near-infrared
spectroscopy [65–67]. Calculation of arterial oxygen by pulse oximetry
(SpO2) is a systemic factor and does not represent local tissue oxygenation
[68, 69]. Further optical systems for skin and wound analysis include near
infrared spectroscopy and laser Doppler imaging. [70–78] WEINGARTEN
et al. report on a significant difference of absorption between healing
and non-healing wounds [70–72, 79] while other studies have correlated
multispectral camera images with burn wound healing rates [74].
In addition to the summarized parameters in table 2.1, moisture balance
is considered of great importance in modern wound care and, besides
visual inspection, the main reason for regular dressing changes [18].
Impedance and capacitive moisture measurements on skin [80–82], inside
the wound dressing [83] and at the wound site have been presented
[84, 85]. A commercially available sensor system to measure healing
relevant parameters has been presented by MCCOLL et al. A strip of
flexible electrodes is used to determine dressing moisture by impedance
measurements [83]. Typically, planar capacitive sensors have been utilized
for a wide range of applications due to design flexibility, low cost and non-
invasive operation. Key design features are the total sensing area, electrode
spacing and the insulation thickness [86]. Connecting the electrodes
while maintaining a flat sensing area is an important issue for capacitive
skin sensors. Interdigitated capacitive structures have been presented for
single-point measurements of skin hydration and transepidermal water loss
[80–82].
Analysis of possible parameters reveals that the variation of single
values among individuals complicates healing prediction and longitudinal
measurements, introducing sensor technology might be a promising
approach. In this chapter a miniaturized, disposable sensor that combines
the measurements of near infrared monitoring, heart rate, oxygen saturation,
pH value, skin moisture and temperature is presented. The combination of
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Table 2.1: Summary of parameters for objective wound assessment.
Parameter Wound type Result Ref
Temperature Neuropathic
ulcers
3.84◦C increase vs. contralateral
foot
[44]
Neuropathic
ulcers
3.1◦C increase vs. contralateral
foot
[45]
Infected
venous ulcers
2.45◦C periwound skin
temperature increase vs. 0.22◦C
in non-infected
[46]
pH Non healing
ulcers
Wounds with pH ≥8.0 did not
decrease in size, wounds with pH
≤7.6 decreased 30% in 2 weeks
[87]
Pressure
ulcers
Mean pH of 7.8 without
epithelialization, pH 6 with
epithelial tissue
[88]
Acute and
Chronic
wounds
Upon healing pH value decreased
from pH 8.5 to below 8
[89]
Chronic
venous ulcers
Lower wound pH in the healing
group compared to non healers
(6.9 vs. 7.42)
[90]
Oxygen Chronic
non-healing
wounds
5 to 20 mmHg vs. 30 to 50 mmHg
of control tissue
[91]
Review study Hypoxic wounds 10 to 40 mmHg
vs. 60 to 70 mmHg normal pTCO2
[64]
Optical Diabetic foot
ulcers
Reduction of haemoglobin
concentration during healing
[70]
Burn wounds Green, red and infrared imaging
correlates with healing time
[74]
Leg ulcers remission spectra (400 - 1600
nm) correlate with clinical wound
score
[76]
these values allows for a deeper insight into physiological processes than
observing only a single parameter.
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2.2 Sensor design and fabrication
For designing a sensor that is in contact with skin or an open wound
several limitations have to be considered. Besides biocompatibility of
the materials in contact with the skin and sterility of the device, a flat
and soft surface is required to avoid any discomfort. In addition, the
footprint should be as small as possible to allow fluid absorption into the
dressing. Temperature, pH, moisture, and optical absorption, including
photoplethysmography were identified as possible candidates for integration
into a small sensing device that is autonomously operated. To co-integrate
the individual elements, the multi-parametric sensor was assembled on
a flexible printed circuit board. The sensing elements were completely
encapsulated in polydimethylsiloxane (PDMS), a flexible, soft, transparent
and biocompatible silicone rubber that has proven to be suitable for
wearable sensor fabrication [92–94].
Figure 2.1: Assembled sensors for reflectance measurements, heart rate, oxygen
saturation, pH value, skin moisture and temperature: The pH sensitive silicate film
is illuminated by a LED and the reflected light is detected by the phototransistor.
An infrared and red LED are used with a photodiode for absorption measurements
and pulse oximetry. Furthermore, it comprises an insulated electrode structure for
moisture monitoring and a silicon thermistor for temperature measurements.
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As shown in Fig. 2.1 the disposable device comprises an infrared (850 nm,
Osram, SFH4250Z) and red (645 nm, Osram, LSE6SF) light emitting diode
(LED) with a photodiode (Osram, BPW34S) for absorption and pulse-
oximetric measurements. The difference of extinction coefficients between
oxygenated and deoxygenated blood becomes a maximum at the red and
infrared wavelengths [68]. Absorption data from both LEDs was stored at
a sampling rate of 20 Hz for 5 s to receive sufficient points for pulse rate
calculation. A silicon thermistor (Microchip, MCP9701A) that delivers an
analogue voltage of 19.5 mV/◦C was utilized for temperature measurements.
An insulated interdigitated capacitive (IDE) structure was used for moisture
detection. The 100 µm wide IDE electrodes were fabricated with a gap
of 300 µm. A 30 µm thick PDMS was used as an insulation layer on
top of the electrodes, plasma activated and bonded to the bulk PDMS.
As an alternative insulation, a 25 µm thick polyimide insulation foil was
adhesively bonded on top of the electrodes. In order to provide a completely
flat surface that is in contact with skin, the contact pads of the electrodes
were bent backwards and connected under the active IDE structure.
Sol-gel technology has been widely used to immobilize chemical reagents
for the design of optical sensors. Most frequently, optical transparent
thin films are produced by hydrolysis of tetraethoxysilane (TEOS) or
tetramethoxysilane (TMOS) in the presence of an acidic catalyst [95,
96]. Organically modified hybrid sol-gels (Ormosil) have been shown
to offer advantageous characteristics for the fabrication of active thin
films. Compared to inorganic thin films, Ormosils show an improved
physical mechanical resistance, better adhesion, a crack-free surface and
less leaching. On the other hand, response times are considerably longer
[61, 62].
Tetraethoxysilane (TEOS) and (3-Glycidyloxypropyl)trimethoxysilane
(GLYMO) precursors, and bromocresol green sodium salt were obtained
from Sigma Aldrich. Bromocresol purple was purchased from Carl Roth.
A 0.5% HCl solution was used as a catalyst in the sol formation and
ethanol as a mutual solvent. The ratios of precursors and the acidic catalyst
influence adhesion, pore size, physical resistance and cracking of the sol-gel
films. The sol was prepared by mixing 500 µl TEOS, 50 µl GLYMO, 600 µl
ethanol, 150 µl 0.5% hydrochloric acid, pH indicator dye (10 mg/ml), and
stirring for 30 min. After mixing the solution was centrifuged to remove
undissolved parts.
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Standard microscope slides were used as substrate for the thin film
characterization. The slides were rinsed with isopropanol and deionized
water, and dried with nitrogen gas. 50 µl of the sol were distributed on the
slides with a pipette and dried at room temperature for at least 24 hours. To
determine the absorption spectra of the indicator doped thin films the glass
slides were immersed in pH buffer liquids ranging from pH 3.3 to 10.6. The
spectra in the visible range were recorded by an ATI Unicam UV4 UV/Vis
spectrometer.
On the sensor the pH sensitive film was fabricated by dip coating the oxygen
plasma activated PDMS surface, resulting in a covalently bonded thin film.
A light emitting diode and a phototransistor were used for simple optical
readout of the color shift of the indicator doped pH sensitive layer.
After assembly, the sensors were embedded in the center of a polyurethane
foam dressing (Lohmann & Rauscher) and fixed by a thin adhesive film.
The sensors were mounted in plane with the dressing surface and the
connector was left at a distance to avoid additional pressure on the wound
site (Fig. 2.2a-c). Dressings with integrated sensors were sterilized by
ethyleneoxide gas.
The sensor is operated by a microcontroller board (Microchip,
PIC18F4520), developed at the Austrian Center for Medical Innovation
and Technology (ACMIT). The microcontroller drives each sensing element
and stores the measurement data to a microSD card. The board is battery-
powered and protected by a robust aluminum case (Fig. 2.2d). A schematic
of the controller board is depicted in Appendix A.
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Figure 2.2: Sensor integration and control: a) The sensor is inserted from the
backside into a 100 mm × 100 mm foam dressing and fixed by an adhesive
film. b) The sensing area is in plane with the dressing surface and the sensor
is connected outside of the dressing. c) Connection between microcontroller and
disposable sensor device. d) Microcontroller for operation and data management.
The controller is encased in a solid box to prevent damage in the animal study.
Dimensions: 84 mm × 53 mm × 23 mm. LEDs report the state of operation.
2.3 Animal study design
Monitoring of wound healing was tested in a porcine wound healing
model at the University of Veterinary Medicine Vienna. The animal
experiment was approved by the Ethics Committee of the University
of Veterinary Medicine Vienna and the national authority (BMWF-
68.205/0049-II/3b/2012).
As an acute healing model two paravertebral split-thickness skin grafts were
taken from each animal. One of the wounds was treated with a wound
dressing with the integrated sensor system. The reference wound was
treated with the same dressing without a sensor included. The data logger
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was fixed supraspinal with cotton wool and a bandage. Dressing change was
performed every 24 hours with image documentation of the wounds.
Swabs for semi-quantitative bacteriological analysis were taken every 48
hours. Cultures were prepared according to the quadrant streak method [97].
Growth was reported by 1+ (scant), growth in the first quadrant, 2+ (low),
growth in the first and second quadrant, 3+ (moderate), first three quadrants
and 4+ (high), growth in all quadrants. After 14 days, the experiment was
stopped and biopsies were taken for histological healing assessment.
2.4 Results and Discussion
2.4.1 pH Responsive Film Characterization
Figure 2.3: Absorption spectra of bromocresol green Ormosil film at different pH
values. The second absorption peak is at 625 nm.
The pH response of the fabricated thin films was tested by absorption
measurements upon exposure to different pH buffer liquids. As seen from
the absorption spectra for bromocresol green in Fig. 2.3 the immobilization
of the indicator dyes considerably shifts the response towards a more basic
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Figure 2.4: Absorption spectra of bromocresol purple Ormosil film at different pH
values. The absorption peak is at about 590 nm.
Figure 2.5: Continuous measurements with alternating exposure of the pH sensor
to agar gels with pH 5.55 (boric acid) and 9.17 (sodium borate). A relatively slow
but fully reversible response was observed.
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regime. In comparison to the pH response of bromocresol green in solution
(pH 3.8− 5.4) the Ormosil film showed a response in the range of pH 5.5 to
about 8.6. The absorption peak is located at about 625 nm.
For bromocresol purple the pH response shifted from pH 5.2 − 6.8 to
values between about 6.5 and 11 with an absorption peak at a wavelength of
590 nm (Fig. 2.4). In respect to pH values of chronic wounds, which were
determined to range from 5.45 to 8.65 [51] the bromocresol green Ormosil
appeared to be very suitable to detect the pH transition from basic to acidic
values during healing. The wavelength of the chip-LED for the sensor was
chosen to be 626 nm to fit the second absorption peak (Fig. 2.3).
Response time and dye leaching of the film depend on the pore size,
which is adjusted by precursor and catalyst ratios. The mixture of 500 µl
TEOS, 50 µl GLYMO, 600 µl ethanol, 150 µl 0.5% hydrochloric acid was
found to yield optimal results in terms of response time, mechanical stability
and leaching of the pH responsive films. In order to test the reversibility of
the pH response, the prepared films were alternately exposed to artificial
wound beds, prepared of agar gels at different pH values. As seen from
Fig. 2.5 the response time varied between transition from high to low
pH values and vice versa and in general was considerably slower than in
solution. However, a fully reversible response was observed and response
time is considered to be less critical in wound monitoring as the healing
takes from several days to weeks.
In respect of using the pH sensitive film material in wound monitoring,
biocompatibility was proven by cultivating epithelial cells on the film.
Madin-Darby canine kidney (MDCK) cells were used to compare the
Ormosil film with standard cell culture petri dishes. As seen from Fig.
2.6 no difference in cell attachment after 24 hours of cultivation nor in the
confluent layer after 48 hours was observed, proving that the pH film does
not show any toxic side effects.
2.4.2 Multi-parameter Sensor Characterization
The individual elements of the assembled multi-parameter sensor were
tested and characterized in different experiments. The temperature sensor
was calibrated on a precision hotplate in a range between 32 and 42◦C as
seen in Fig. 2.7.
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Figure 2.6: Biocompatibility test of the fabricated pH sensitive films by cultivation
of MDCK cell line on the surface. A standard cell culture petri dish was used as
a reference. No difference of cell growth was observed after 24 and 48 hours of
incubation.
In the calibration of the pH sensor the device was immersed into
different pH buffer liquids and put on skin prior to the measurement. The
sensor response plotted versus pH value is shown in Fig. 2.8. A second
order polynomial was fitted to the obtained data to match the non-linear
characteristic.
The moisture sensor was tested by experiments on human skin. In
order to vary the water content, the skin was treated either with ethanol
or moistening cream prior to the experiment. Comparisons of capacitive
measurements on normal and treated skin are illustrated in Fig. 2.9. While
ethanol treatment resulted in drier skin and a decrease in capacitance,
treatment with skin cream yielded a higher value as compared to normal
skin.
Trauma induced differences in tissue absorption are visible by
measurements on a knee bruise compared to the same position on the
counter side and a nearby reference point on both legs as shown in Fig.
2.10. At both wavelengths the transmitted light was less on the bruise
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Figure 2.7: Calibration of temperature sensor on a precision hotplate between
32◦C and 42◦C. Error bars indicate means and standard deviation of three
measurements (linear correlation, r = 0.997, p < 0.001)
Figure 2.8: Calibration plot for pH value with 2nd order polynomial fit, Spearman
correlation: r = 0.988, p < 0.001.
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Figure 2.9: Moisture monitoring by interdigitated electrode structure with 30µm
insulation layer on human skin at different moisture levels: A) Normal skin. B)
Ethanol treated skin. C) Moistening cream treated skin. (n = 3).
Figure 2.10: Infrared (IR) and Red (R) light absorption of tissue: A) Knee bruise
(left) and control measurement on the same position on the right leg (n = 3). B)
Nearby reference point on both legs.
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then in the control measurement because of higher absorption due to the
blood accumulation under the skin. However, the difference between
the measurements at the infrared wavelength (850 nm) was much higher
compared to red light (645 nm) as the larger penetration depth results in a
bigger influence of the blood accumulation. Therefore, the absorption ratio
of both wavelengths could be a suitable parameter to determine the depth of
a wound.
Figure 2.11: Continuous on-body trial: Sensor used for sports monitoring,
mounted in a headband. a) Body temperature during warm up, exercise and cool
down. b) Sweat measured by capacitive IDE structure. c) Backscattered intensity
I850 nm for pulse rate measurement. d) Pulse rate during exercise.
In addition to the previous characterization measurements the sensor
system was also used to monitor sports performance [98]. Fig. 2.11
summarizes the results of an exercise trial, divided into warm-up, exercise,
and cool down phase. During the exercise the sensor and the microcontroller
box were fixed in a headband, taking measurements on the forehead. Body
temperature increased and decreased only with a short delay after start and
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stop of exercising, respectively (Fig. 2.11a) while the sweat rate was a lot
more delayed 2.11b. Recorded pulse waves for the pulse rate calculation are
depicted in 2.11c. The signal is a combination of the pulsating expansion
of arteries and, hence, increased absorption and the respiration rate, which
modulates cardiac output [99]. The dicrotic notch, which is associated with
arterial valve closure, is well visible as a characteristic dip in the wave
form [100]. The calculated pulse rate, quickly following the exercise is
given in Fig. 2.11d.
2.4.3 Wound Monitoring in Porcine Model
Figure 2.12: Comparison of healing rates between reference and intervention
wound site. Measurements are based on reepithelialization rates determined by
planimetry. No difference in healing trajectories nor in the final outcome were
observed.
A comparison of the healing course of all wounds did not show any
difference in healing rates between the wounds with sensor and reference
wounds as observed by planimetrics and histology. The reepithelialization
as obtained from planimetry is shown in 2.12. Wound images of one
intervention wound during healing are given in Fig. 2.13.
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Figure 2.13: Image documentation of wounds of one animal during healing.
Semi-quantitative swab cultures according to the four quadrant streak
method revealed wound colonizations by bacteria of the strains S.aureus
28 2 Wearable System for Direct Wound Monitoring
Figure 2.14: Sensor readings of all four animals plotted over wound closure.
Combined linear least square regression in black. a) Temperature, combined
Spearman correlation coefficient, r = −0.23, p = 0.027. b) pH Value, r =
−0.49, p < 0.001. c) Red remission, r = 0.19, p = 0.058. d) Infrared remission,
r = 0.6580, p < 0.001. As an isolated value infrared remission yielded the highest
correlation and significance. Variations were due to variations in sensor fabrication
and differences in individuals, sensor position and pressure.
and S. hyicus between scant and low growth (1+ to 2+). No difference
in colonization between intervention and reference wounds was observed
(Mann-Whitney-U test, p=0.5).
Results of the readings of all sensors on the intervention wounds of all four
animals are summarized in Fig. 2.14. Calculation of arterial oxygen by
pulse oximetry (SpO2) was not used in this study because it is not a local
but a systemic factor [68,69]. Sensor readings were correlated to the healing
progress, expressed by reepithelialization that was determined from image
analysis. Readings of the moisture sensor could not be used because of
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Figure 2.15: Combination of Sensor data of pH, red and infrared remission.
Correlation of the combined data with healing is increased to r = 0.83, p < 0.001.
mechanical failure of the PDMS insulation. Changing the insulation to
polyimide (25µm) showed better mechanical stability, but could not be used
in this study because of the time consuming sterilization procedures.
As seen from Fig. 2.14 a, there is a negative and significant (r = 0.23,
p = 0.027) correlation between temperature and wound closure. Due to
a relatively high type variation of the temperature sensors this correlation
is rather low. However, the temperature sensor was included to detect
any temperature increase due to infections (see table 2.1), which were not
present in this acute wound healing model. Other factors of influence
include sensor position, sensor to tissue coupling and interindividual
differences. Especially pH value readings (Fig. 2.14 b, r = 0.49, p < 0.001)
are affected by local and interindividual variations [51, 101]. Although,
two dimensional pH mapping methods might give a more accurate picture,
time series of single values in the center of the wound are easier to obtain,
interpret and to use in further analysis.
Optical readings of red at 645 nm and infrared (850 nm) remission intensities
are summarized in Fig. 2.14 c and d, respectively. While the correlation of
the lower wavelength with healing is low and insignificant (r = 0.19, p =
30 2 Wearable System for Direct Wound Monitoring
0.058), infrared absorption decreased during healing due to a decreasing
hemoglobin concentration in the wound bed (r = 0.6580, p < 0.001). This
finding is in accordance with previous studies [70].
A combination of the sensor readings was performed in order to increase
the robustness of healing prediction. The combination of (2 · I850nm −
I645nm) · pH yielded the highest correlation coefficient of r = 0.83, p <
0.001 between healing rate and sensor output, as shown in Fig. 2.15.
The difference of the backscattered intensities acts as an offset correction
between different sensor modules. Introducing a third wavelength, as a
common reference would be a simple step to further increase the reliability
of the low cost sensor system.
Figure 2.16: Summary of sensor readings: Combination of the different low cost
sensors provides a robust method to differentiate healing phases.
The sum of all measurements in an early and late healing phase is shown
in the box plot of Fig. 2.16. The plot compares the backscattered infrared
intensity I850nm with the combined sensor signal. As indicated by the boxes,
a considerable improvement of robustness in wound status characterization
could be obtained by combining the individual sensor signals, which were
influenced by different factors. The lines in the boxes give median values
with the notches as the 5 % confidence interval.
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2.5 Conclusions
A low-cost, disposable sensor system for the integration in a wound dressing
has been discussed in this section. The sensor showed to be able to predict
the healing of a wound within the dressing. Due to the many influencing
factors, including device variations, fabrication deviations, differences in
position, pressure and individual differences the combination of multiple
sensor signals to a single output value proved to be advantageous for a robust
wound assessment. Including sensor readings of the revised capacitive
moisture sensor and introducing a third reference wavelength (e.g. at
950 nm for water absorption), robustness can further be increased. The
sensor did not show any negative influence on the wound bed when a flat
surface without additional pressure on the wound was ensured. As the
physiological processes in healing are of rather slow nature, sensor readout
intervals can be between hours and days. By fabricating all sensor functions
in a thin and flexible device layer integration into a large variety of dressings
could be achieved [102].
Besides the integration in a dressing for wound assessment, monitoring
sports performance or vital signs of the elderly are possible fields of
applications for multi-parametric physiological measurements.
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Chapter 3
Enabling Technologies for
Microfluidic Analyses
The desire for miniaturized diagnostic devices for point of care testing and
chemical analytical tools has led to the research field of microfluidics and
lab on a chip technologies. Emerging from microelectronic fabrication
technologies, the field also integrates molecular chemistry, molecular
biology and optics [103]. Miniaturization of diagnostic devices reduces
material and chemical input. Characteristic device dimensions reach from
100 nm to 1000 µm. As the structural dimensions approach the range of
analytes (<1 nm to 20 µm), effects can be utilized that are not present or
very slow in the macroscopic world. A prominent example is the motion
of particles in inhomogeneous electric fields, so called dielectrophoresis.
Trapping, moving and separating different cell types are the main
applications of dielectrophoresis in microfluidic devices [104–106].
Knowledge of available technologies for device fabrication is of
fundamental importance. As a highly interdisciplinary field, microfluidic
device fabrication makes use of a variety of technologies from different
origin. A brief overview over existing technologies and the fabrication
technologies utilized in this thesis, including rapid dry film prototyping and
in-situ hydrogel polymerization, are presented to the reader in the following
sections.
3.1 Microfabrication Technologies
Evolved from silicon microfabrication, microfluidic technologies have
shifted towards a much broader material spectrum. A major challenge has
been the fabrication of 2.5-dimensional or even 3-dimensional structures
with a technology, originally developed for planar devices. Deep reactive
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ion etching (DRIE) is a classical silicon micromachining technology,
developed for microelectromechanical systems (MEMS) fabrication. DRIE
often is used in applications in which high aspect ratios (e.g. 20:1) are
required [107,108]. In fluidic applications such devices are sealed by anodic
bonding of a glass layer to the structured silicon wafer.
Another popular fabrication technology is the use of SU-8, a thick epoxy-
based photoresist. Unlike other photoresist materials it is used as permanent
functional layer due to its chemical resistance and excellent structuring
properties regarding resolution and aspect ratio [109, 110]. Closure of SU-
8 microfluidic channels has been an issue and several strategies have been
developed to overcome this limitation, including the use of uncrosslinked
SU-8 adhesive bonding [111] and plasma-based PDMS sealing [112].
Soft lithography of PDMS is by far the most common technology in
microfluidic and lab on a chip fabrication due to its simple fabrication and
strong bonding to glass [113]. The two component silicone elastomer is
poured over the master structure, which after curing is molded into the
PDMS layer (Fig. 3.1). PDMS can be easily cut into shape, punctured
for fluidic access, and bonded to glass by oxygen plasma activation.
Figure 3.1: Soft lithography fabrication. A photoresist master structure is
transformed into channels by silicone (PDMS) casting. Permanent sealing is
achieved by oxygen plasma bonding of PDMS to glass.
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Besides the above mentioned technologies a vast variety of materials
and techniques have been utilized for device fabrication. The combination
of multiple material properties can lead to fascinating devices. ZACCHEO
and CROOKS, for example, presented a self powered sensor where enzyme
digestion triggers an electrochemical reaction to indicate the enzyme
concentration by a light emitting diode [114]. On the other hand, fabrication
and device costs always remain an important factor as for the handling
of potentially infectious agents disposable devices are required. In this
respect, paper-based diagnostic devices have emerged for a variety of
applications in health care, environmental monitoring or food safety [115].
In a larger scale, polymeric devices are very cost effectively fabricated
by injection molding. In a research setting fabrication techniques may
considerably differ from industrial production. Nevertheless, the possibility
for production up-scaling should be taken into consideration during the
device design. The development of a functional, disposable cartridge of low
complexity operated by a mobile readout device is a promising approach in
point of care testing. Advantages and/or requirements of mobile diagnostic
systems can be summarized as follows [26, 116]:
• Fast and easy to interpret results
• Reliable and clinical relevant results
• Flexible device use
• Reduced sample transport and cooling
• Reduced external equipment and reagents
• Reduced analysis costs
• Simple operation for non-trained personal or home-use
• Simple calibration and quality control
3.2 Rapid Prototyping by Dry Film Resist
The lamination of dry film resist on different substrates offers a simple, yet
flexible prototype fabrication with the possibility of large scale production.
Dry film photoresists are provided on rolls and can be applied in a
36 3 Enabling Technologies for Microfluidic Analyses
continuous process on multiple substrates. The substrates mainly used in
this study are common microscopy soda lime glass slides with dimensions
of 76 mm × 26 mm × 1 mm. Main advantages of microscopy slides for
prototype fabrication are their low costs and compatibility with microscope
holders without further dicing. Silicon and borosilicate wafers and some
polymers can be utilized likewise. Requirements for polymer use are
chemical stability in the developer solution and good adhesion of the film
laminate. Laser printer polyester sheets were successfully tested for device
fabrication [117]. Polymeric chips can be easily machined while requiring
less equipment and causing less mechanical wear in comparison to the
standard substrates in microtechnology. However, for higher resilience,
higher transparency, and better wetting glass substrates might be preferable.
The entire fabrication process is illustrated in Fig. 3.2.
If required, the substrates are cleansed with isopropanol and deionized
water. The dry film resist (Ordyl SY300, Elga Europe, Italy), a negative
resist, is available in thicknesses of 17, 30 and 55 µm. It comes on a roll
with protective films on both sides, allowing device fabrication without a
cleanroom setting. In a first step, one of the protective films is peeled off
and the resist is laminated onto the substrate by an office laminator at about
95◦C. Multiple layers of the different thicknesses can be combined to obtain
the desired channel height (Fig. 3.2a). The resist is UV exposed (i-line,
365 nm) through a transparency film mask (Zitzmann GmbH, Germany)
using a mask aligner (Fig. 3.2b). Film masks are plotted with 64000
dots/inch and have a minimum line resolution of about 6.3 µm. During
exposure the top protective film remains to prevent the resist from sticking
to the mask and to avoid dust contamination. Before post exposure baking
at 85◦C for 1 min the protective sheet is removed. Depending on resist
thickness and pattern dimensions (i.e. width of structures and voids) the
exposure dose has to be to be adjusted. Free standing structures are more
robust with higher exposure doses, while the quality of channels is better
with less exposure.
The structures are developed in a solution of 75% xylene and 25%
2-butoxyethyl acetate (Sigma-Aldrich, USA) for 100 s under ultra sonic
agitation. After the development the substrates are rinsed with isopropanol
and deionized water. Holes for fluidic access to the final microfluidic chips
are structured into a second layer by powder blasting (Fig. 3.2e). Size
and distribution of the holes are defined by a printed transparency mask,
transferred to a masking layer (I-XE, Harke, Germany) that is resistant
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Figure 3.2: Process steps for fabrication of dry film laminate devices: a)
Lamination of multiple layers of dry film resist onto the bottom substrate. b)
UV exposure through a foil mask. c) Post exposure bake. d) Development of
the structures under ultrasonic agitation. e) Powder blasting of access holes into
the top substrate. f) Structuring of a dry film layer on the top substrate, analogous
to a-d for the fabrication of three dimensional structures. g) Hot roll bonding of
both parts.
to the abrasive particle jet. Aluminum oxide with 100 µm particle size is
used for structuring glass and silicon in a sandblaster (Easyblast, Bego,
Germany). The adhesive I-XE film is developed in warm water after UV
exposure without any baking steps. As the blasting of holes by the particle
jet does not cause significant substrate stress, a high density of holes without
any cracking can be produced. As an example, Fig. 3.3 shows a device
with 84 holes through a microscope slide, with the closest spaced only by
1 mm. One slide is processed within a few minutes only. By the masking
technology holes and structures can be of any size and shape, which is
a considerable advantage over drilling. Powder blasting has also been
proposed for the fabrication of microfluidic [118] and MEMS structures
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Figure 3.3: Powder blasting of access holes through a glass slide. a) Holes are
precisely defined by a photosensitive resist (I-XE, Harke, Germany). b) Blasting
of holes does not cause substrate stress. Therefore, a high density of holes can be
produced without cracking.
[119].
Three dimensional features within a chip are fabricated by structuring a
second functional layer on the top substrate. In contrast to any spin coated
photo resists the dry film lamination technique yields a uniform resist layer
over previously structured holes. Therefore, combining powder blasting as
a bulk process with subsequent dry resist structuring offers great flexibility.
An example of a 200 µm thin free standing beam over a 2 mm wide gap
is presented in Fig. 3.4. If more than two functional layers in one device
are required, lamination, exposure and development steps (Fig. 3.2 a to d)
are repeated on either of the two substrate parts. Fully three dimensional
networks can be realized by that layer-by-layer fabrication.
After structuring, the devices are sealed by bonding both substrate parts
together. Adhesive bonding of two resist layers (Fig. 3.2 g) or a single
structured layer to a glass cover is performed at a temperature of 150◦C.
The required bonding pressure increases with decreasing resist thickness
from 20 N/cm2 for 150 µm to 200 N/cm2 for 10 µm. The direct adhesive
bonding is the most valuable feature of dry film fabrication because other
technologies, such as SU-8 require more elaborate bonding protocols to be
followed [111].
A major disadvantage of the dry film lamination with Ordyl resist in
comparison with standard SU-8 fabrication is the reduced resolution and
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Figure 3.4: Structuring of dry film laminate over powder blasted holes. The
possibility to apply a resist layer over structured substrates enables simple
fabrication of free standing structures. Beam dimensions are 200 µm × 100 µm
× 2 mm.
aspect ratio. The maximum resolution is about 10 µm while the aspect ratio
(feature height to width) is limited at approximately 2.5. As seen from the
inset in Fig. 3.5 the sidewall profile of the dryfilm resist is nearly vertical.
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Figure 3.5: Structures with a maximum aspect ratio of 2.5. Line dimensions are
100 µm in height and 40 µm in width.
3.3 Hydrogels as Functional Structures in
Microfluidics
Hydrogels are hydrophilic, cross linked polymeric networks that can absorb
significant amounts of water. Gels are widely used in food industry and
medicine, including applications in wound dressings, soft contact lenses,
drug delivery and tissue engineering. The most important parameters
of different hydrogels are their pore size, mechanical stability and
biocompatibility. Gelation refers to the increased linking of macromolecular
chains with decreased solubility. The gelation process can be either
reversible in physically crosslinked gels or irreversible due to the covalent
bonding in chemically crosslinked gels [120]. A selection of physical and
chemical gels is summarized in Table 3.1.
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Table 3.1: Overview of physically and chemically crosslinked hydrogel systems.
Physical Gels Properties
Agarose Gelling with hysteresis in temperature.
Large pores of 50 to 600 nm for large DNA
separation [121].
Gelatine Temperature sensitive gel, used in food
industry, drug capsules and as cell adhesion
promoter.
Calcium alginate Used in wound dressing applications.
Approximately 10 nm pore size [122].
Polyvinylalcohol (PVA) Crystallite induced gelling by repeated
freeze thaw cycles.
Chemical Gels Properties
Poly(2-hydroxyethyl
methacrylate) (pHEMA)
Basic material for soft contact lenses [123].
Polyacrylamide Predominant gel for protein and DNA
separation. Toxic monomer.
Polyethylene glycol
diacrylate (PEG-DA)
Available in a wide range of molecular
weights to define pore size.
Hyaluronic acid vinyl ester
(HAVE)
Superior biocompatibility over acrylates
and methacrylates [124]
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Natural polysaccharides like agarose form a gel upon cooling of hot
solutions. Gels are reversely linked by helix formation of polymer
fibers which are held together by hydrogen bonds. Another form of
physical crosslinking is ionotropic interaction, present in calcium alginate
gels. The anionic polysaccharide sodium alginate is gelled with a Ca2+
ion of opposite charge [125]. In contrast, chemical crosslinking is
done by a free radical polymerization. In the case of polyacrylamide
(PAAm) the reaction is initiated by ammonium persulfate (APS) with
tetramethylethylenediamine (TEMED). TEMED accelerates free radical
formation from APS. A prominent application of hydrogels are soft contact
lenses. Poly(2-hydroxyethyl methacrylate) (pHEMA) is the most widely
used hydrophilic polymer for contact lenses. The pHEMA hydrogel with
a water content of 38 % usually is chemically crosslinked with ethylene
dimethacrylate [123]. The requirements of gels for contact lenses include
sufficient mechanical stability, a high oxygen permeability [126] and low
protein adsorption [127]. For its improved mechanical integrity and low
protein adsorption freeze-thaw crosslinked Polyvinyl alcohol (PVA) has
been of interest for contact lens applications [128].
For chemical hydrogels summarized in Table 3.1, photochemical
crosslinking is a popular method as it gives full control over temporal
and spatial gelation. Especially in the field of tissue engineering where
hydrogel scaffolds, fibers and particles are fabricated, selective curing via
a mask or a focused UV light beam offers great flexibility. The gel
monomer is mixed with a small amount of a photoinitiator that produces
free radicals upon exposure. Photoinitiators with varying properties are
available, including 2-hydroxy-2-methylpropiophenone (Irgacure 1173) as
an efficient UV sensitive initiator for acrylate prepolymers. A mixture
of eosin Y and triethanolamine has been used as a visible light sensitive
composition for cell encapsulation [129]. As many photoinitiators and
monomers show cytotoxic effects, initiator and monomer concentration, UV
wavelength, and polymerization turnover have to be considered. Lithium
phenyl-2,4,6-trimethylbenzoylphosphinate (LAP) is an efficient initiator
that is sensitive at 365 nm and higher wavelengths that are benign to cells
and shows high cytocompatibility [130]. An obstacle in photoinitiated
polymerization is the quenching of radicals by molecular oxygen. This
oxygen inhibition is avoided by a high UV intensity, an inert atmosphere
or certain additives [131].
Tissue engineering is closely related to microfluidcs as photo lithography
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and soft lithography techniques are applied for the fabrication of hydrogel
scaffolds and vascular networks within the gels [132]. Furthermore,
microfluidc devices for flow focusing [133] and droplet generation [134]
are utilized to fabricate gel fibers and particles [135]. Vice versa, hydrogels
are used in microfluidic devices to study 3-dimensional cell cultures on
chip [136, 137].
Besides cell immobilization, gels in chips can fulfill several other functions.
Based on their permeable network, gels find applications in membranes
for sample concentration and separation [138], the generation of chemical
gradients [139,140], enzyme reactions for biosensors, and chemical sensors
or actuators based on their swelling behavior [141, 142]. A gel membrane,
incorporated in a capillary electrophoresis device has been utilized to block
bulk flow and allow convenient sample handling in continuous operation
mode [143]. Fig. 3.6 shows the gel, separating a channel for sample and
buffer, while ions can migrate through the nanoporous gel barrier.
Figure 3.6: In-situ polymerized hydrogel barrier (blue) in capillary electrophoresis
chip for continuous operation. Sample and buffer are independently changed [143].
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3.4 Conclusions
The presented technologies and methods represent only a small fraction of
nowadays available fabrication techniques. Depending on the requirements
of the application, traditional MEMS technologies, PDMS soft lithography
or laser milling of polymers might be applied. Detailed overviews of
those fabrication methods can be found elsewhere [144, 145]. Three-
dimensional polymer printing could play an important role in future
fabrication processes. However, issues like limited resolution, long writing
times, removal of uncrosslinked resin and autofluorescence are limiting its
current use [146].
In-situ polymerization of hydrogels enables the simple fabrication of
membranes and diffusion networks in microfluidic devices. In addition, a
degree of freedom can be left to the user, as gels are easily customized with
functional entities, like chemical reagents, enzymes or cells.
The need for cost efficient, disposable devices in point of care diagnostics
certainly will stimulate polymer- and paper-based fabrication techniques.
Home healthcare further will profit from the ubiquitous computing power
of smartphones, as an enormous potential for hand-held readout devices.
With their integrated cameras, network possibilities and the intuitive user
interface smartphones could be a trigger for wide spread acceptance of lab
on a chip devices [147, 148].
Chapter 4
Biochemical Wound Analysis
Following the discussion of fabrication technologies in chapter 3, this
chapter presents the design, fabrication, and experimental results of a
microfluidic device for biochemical exudate analysis. As a prerequisite,
the realization of a lab on a chip requires the identification of appropriate
diagnostic parameters. The section 4.1 reviews recent literature of
biomarkers for healing that are found in wound exudate.
Section 4.2 describes the development of a microfluidic platform for
biochemical analyses. Parts of this section have been published in Single-
step design of hydrogel-based microfluidic assays for rapid diagnostics,
Lab Chip, 2014, 14, 378-383, http://dx.doi.org/10.1039/C3LC50944C,
reproduced by permission of The Royal Society of Chemistry.
4.1 Biomarkers for Impaired Healing
Identification of healing relevant growth factors, cytokines, and enzymes
has been in the focus of recent research. A multitude of these bio-
molecules are present in a wound, and their expressions show a temporal
and interdependent regulation [5]. A summary of biomarkers, identified in
different studies is given by Table 4.1.
An imbalance of pro- and anti-inflammatory factors is considered a main
reason for persistent inflammation and poor healing as a consequence.
Abundance of neutrophils and their secreted enzymes have been shown
to inhibit further steps of the normal healing process. During the normal
course of healing a high level of tissue degrading matrix metalloproteinases
(MMPs) activity decreases as the wound progresses [149, 150]. Several
studies presented a significant increased concentration and activation of
MMPs, especially MMP-9 in poor healing wounds [9, 14, 15, 151–159].
SCHULTZ and MAST [153] reported a 116-fold higher MMP activity in
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chronic compared to acute wound fluids. After the chronic ulcers began
to heal MMP activity decreased. This increase is linked to the inflammatory
response since MMP-9 is expressed by neutrophils and macrophages. In
addition, chronic wound fluid shows decreased levels of tissue inhibitor of
metalloproteinase (TIMP-1) and a reduction of transforming growth factor
(TGF-β). High wound fluid concentrations of MMP-9 and large MMP-9 to
TIMP-1 ratios can predict poor healing. A simple test for these risk factors
could be useful to assist healing prognostication [153, 154]. Although it
has not been fully explained why chronic wounds without infection have
elevated levels of MMPs, they have shown to be key players in poor healing
[152]. A possible explanation might be previously undetected biofilm
contamination of clinically non-infected wounds [160].
Negative pressure wound therapy has been discussed to create an
environment of low protease and neutrophil elastase levels by continuously
removing wound fluid and proteases therein [154, 161]. Together with
matrix metalloproteinases, other enzymes, including neutrophil elastase,
myeloperoxidase and lysozyme have been related with poor healing [162,
163].
Interleukins, a group of cytokines show a concentation shift in non-healing
wounds. For instance, IL-1, a pro-inflammatory cytokine and its inhibitor
IL-1ra did show an increased ratio in infected and non-healing wounds
[101, 153, 164]. TRENGOVE et al. reported on elevated levels of IL-1, IL-6
and TNF-α in wound fluids of nonhealing foot ulcers [165]. Furthermore,
levels of IL-6 and TNF-α were found to correlate with bacterial burden, and
hence, useful to detect infections [166]. Anti-inflammatory factors IL-2 and
IL-5 also were presented as infection markers in diabetic foot ulcers. The
commonly used bioburden level of 106 CFU per ml wound fluid was used
to define infection. Levels of IL-2 and IL-5 were significantly decreased
above this critical colonization [167]. Similar results of increasing pro
inflammatory IL-1 and IL-6 and decreasing anti-inflammatory IL-2 and IL-
5 during healing was found by FINNERTY et al. in a mouse burn wound
model [168].
Nutritional markers, including albumin, total protein, zinc, and glucose
levels were studied in a clinical trial with pressure ulcers for their potential
as healing markers. Albumin levels siginificantly increased as the wounds
moved into proliferation phase compared to the inflammatory phase. In
addition, glucose levels were reduced in infected ulcers [169]. JAMES et al.
found significant differences of total protein and albumin levels in wound
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fluids of healing and non-healing leg ulcers [170].
Another group of molecules which have been in discussion to greatly
influence the healing process are reactive oxygen species (ROS), including
hydrogen peroxide (H2O2), the superoxide anion (O2
·–) and the hydroxyl
radical (OH·). ROS are generated in the respiratory burst of phagocytic
cells to neutralize pathogens. Because of their cytotoxic effects, ROS
require a tight control by the enzymes catalase, glutathione peroxidase,
and superoxide dismutase (SOD). Disbalances in the regulation lead to
oxidative stress and potential tissue damage [171–174]. Due to their
short lifetime and high reactivity, direct measurement of ROS in wounds
is difficult [172]. However, increased levels of steady-state H2O2 have
been measured in inflammatory phase and chronic wound mouse models
[175, 176]. Indirect measurements determine oxidative damage products as
isoprostane, allantoin or protein carbonyl [177–179]. Regulating enzymes
including catalase, superoxide dismutase and total antioxidant capacity
might be determined as well [176, 178]. In addition to ROS, nitric oxide,
its reactive species (RNS) and the producing enzymes nitric oxide synthase
(NOS) are discussed as being important molecules in healing [174, 180].
Although several reports suggest an increased oxidative stress in chronic
wounds (Table 4.1), currently only little data is available and more research
is required to validate oxidative stress biomarkers for clinical use.
BROWNE et al. [181] showed that the bacterial burden, expressed in CFU/g
tissue, is related to the rate of healing. Despite the lack of clinical infection
signs, a bacterial load of ≥ 106 CFU/g resulted in impaired healing.
PIERPONT et al. presented the bacterial burden as a useful marker to
individualize treatment. With increased bacterial burden the frequency of an
active dressing application was increased [182]. The presence of biofilms
is discussed to inhibit efficient eradication of bacteria by neutrophils and
antimicrobials. Thus, some authors stress that nonhealing wounds are often
related to biofilms [16, 183]. Signaling molecules of bacteria in biofilms,
relevant for quorum sensing by acyl-homoserinelactone molecules (AHL)
have been utilized to detect bacteria and the formation of biofilms. Quorum
inhibition, on the other hand aims to disrupt the communication of bacteria
and hence avoid formation of biofilms [184, 185]. MOOR et al. [158] and
LIU et al. [157] have also shown an association between high bacterial levels
and elevated MMP-9 concentration.
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Table 4.1: Summary of studies, utilizing different biomarkers for wound
assessment.
Biomarker Wound type Result Ref.
Enzymes
MMP-2 Chronic leg ulcer vs.
acute wounds
5− 10× activity [186]
Pressure ulcers vs.
acute wounds
10× level [187]
MMP-9 Chronic leg ulcer vs.
acute wounds
5− 10× activity [186]
Infected vs.
non-infected (post-
operative, pressure
ulcers, blisters)
significantly increased [163]
Pressure ulcers vs.
acute wounds
25× level [187]
Healing diabetic foot
ulcers
significant decrease [8, 157]
MMP-9/
TIMP-1
Pressure ulcer during
healing
significant decrease [188]
Healing diabetic foot
ulcers
significant decrease [157]
Neutrophil
elastase
Infected vs.
non-infected (post-
operative, pressure
ulcers, blisters)
significantly increased [163]
V.A.C treated burn
wounds
significant decrease [189]
Surgical wounds,
infected
significantly increased [190]
Lysozyme Infected vs.
non-infected (post-
operative, pressure
ulcers, blisters)
activity 12.85×,
concentration 13.55×
increased
[163]
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Biomarker Wound type Result Ref.
Enzymes
Arginase Chronic venous ulcers increased vs normal
skin
[191]
Diabetic ulcers increased vs normal
skin
[192]
Cytokines
IL-1 Venous leg ulcers
nonhealing vs. healing
significantly increased [165]
Infected venous leg
ulcers
significantly increased
with > 106 CFU/ml
[167]
IL-1ra/ IL-1 Chronic vs. acute
wounds
7:1 vs. 480:1 [153]
IL-2, IL-5 Infected diabetic foot
ulcers
Significantly decreased
with > 106 CFU/ml
[167]
IL-6 Venous leg ulcers
nonhealing vs. healing
significantly increased [165]
Infected venous leg
ulcers
significantly increased
with > 106 CFU/ml
[167]
Infected aterial and
venous leg ulcers
elevated with bacterial
load and infection
[166]
TNF-α Venous leg ulcers
nonhealing vs. healing
significantly increased [165]
Infected venous leg
ulcers
significantly increased
with > 106 CFU/ml
[167]
P55/ TNF-α Chronic vs. acute
wounds
4:1 vs. 12:1 [153]
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Other
Bacterial
counts
Rat chronic wound
model
CFU/g more frequent
treatment
[182]
Diabetic foot ulcer Wound closure inverse
proportional CFU/g
[193]
Protein Pressure ulcers during
healing
Significant albumin
level increase
[169]
Healing vs. nonhealing
leg ulcers
Increased total protein
and albumin levels
[170]
Acute wounds vs.
venous ulcers
Increased total protein
concentration
[179]
Oxidative
stress, ROS
Chronic leg ulcers vs.
acute
Elevation of allantoin :
uric acid ratio
[177]
Chronic wound mouse
model
Increased SOD and
H2O2 levels
[176]
Non-healing venous
ulcers
Increased ferritin vs.
healing ulcers and
acute wounds.
Increased isoprostane
vs. acute wounds
[178]
Nitro-
oxidative
stress, NO
Chronic venous ulcers
vs. normal skin
Increased NOS activity [191]
Diabetic foot ulcer increased total NOS
activity vs. normal and
diabetic skin
[192]
Chronic wounds
(mixed etiology)
NOx levels
discriminate worsening
from progressing
wounds
[194]
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4.1.1 Conclusions
As seen from the summary in Table 4.1 a multitude of biomarkers for
impaired healing have been analyzed and proposed for wound assessment.
Due to the diversity of study approaches and wound types identification
of a single superior marker is difficult. However, there is consensus
that a prolonged elevated enzyme activity of tissue degrading MMPs is
a sign for impaired healing. Unfortunately, Table 4.1 also reveals that
only quantitative tests may be applied rather than qualitative detection of
a species, as for example human chorionic gonadotropin (hCG) in a home
pregnancy test. As the activity levels vary during normal healing and differ
from person to person even the determination of a certain threshold is
problematic.
However, a timely determination of proteinase activity in the wound would
enable clinicans to evaluate the wound therapy and make informed decisions
on further treatment [195].
A promising approach for the design of a robust point of care indicator
would be the combination of a set of parameters, in order to gain a reference
value. Such a combination depends on the envisioned application, the
method of sampling and the available technologies.
4.2 Microarray Chip for Biochemical Analysis
For the success of microfluidic devices in point-of-care diagnostics, easy
handling and fast operation are key points [196, 197]. Incorporation of
hydrogels in microfluidic chips has been shown to enable simple, parallel
and sensitive biosensing. Sensors for measurements of glucose [198–200],
phenol [201], organophosphates [202] and urea [203] have been presented.
Hydrogels are a suitable matrix to store reagents [204, 205], proteins
[201, 202, 206, 207], DNA [208, 209], and cells [136, 137, 210–214] on
microchips without a loss of activity.
In contrast to paper-based microfluidics, which has been investigated for
mainly colorimetric ready-to-use diagnostic devices [115, 215], hydrogel
chips offer more flexibility for complex samples such as cell suspensions
and for sensitive optical detection methods. Unlike sensors based on
surface immobilization, a hydrogel contains the sensing reagent in a three-
dimensional matrix and allows diffusion of the analyte through the pores of
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the gel. The diffusion time of reagents t is determined by
t ∝ l
2
D
(4.1)
where l is the diffusion length and D the diffusion coefficient of the
molecule of interest. Since the diffusion length l is determined by the size
of the hydrogel structures, their dimensions have to be relatively small, i.e.,
in the micrometer range to enable reactions within a reasonable short time.
Furthermore, the pore size of the gel has to be large enough to facilitate
diffusion.
In situ polymerization of gel particles within a microfluidic chip has
been the preferred fabrication method. An advantage of this procedure
over conventional bead assays is that an exact number of particles or
amount of reagent can be placed in a chip. Photosensitive polyethlyene
glycol diacrylate (PEG-DA) has found broad application as a biocompatible
hydrogel in tissue engineering [132, 135] and allows photostructuring as
well as pore size tuning over a wide range. Pore sizes of PEG-based
hydrogels can be tuned by varying the molecular weight and concentration
of the PEG-DA precursor. If pore sizes of up to micrometers are required,
polyethylene glycol in different molecular weights can be added as a
porogen [216]. These tuning opportunities allow immobilization and
handling of a wide range of species from small molecules up to cells.
PEG-DA microgel structures have to be fabricated by UV exposure through
a mask [199, 200, 213, 217] or stepwise by a focused beam [218–221].
Another fabrication method for hydrogel assays is the prefabrication of
gel beads by a droplet generator [198, 210, 222–224]. However, all these
methods have in common that they require a subsequent washing step
to remove unreacted precursor. Furthermore, in-situ gel assays need an
additional surface modification step to improve gel adhesion to the chip
[136, 200–205, 208, 212]. Elaborate preparations and need for external
operation compromise the usability of such microfluidic diagnostic tools.
This chapter presents a microfluidic platform, which allows for in-situ
polymerization of hydrogel microstructures in a single step without surface
modification and washing steps. Furthermore, no external operation is
required to initiate a reaction. The first reagent is mixed with the gel
precursor and introduced into the chip only in predefined regions. The
regions of the gel micropattern and analyte are defined by capillary pressure
barriers within the chip. An advancing fluid meniscus is pinned to a
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barrier and advances along it instead of crossing it. This concept of
laplace pressure barriers has been presented earlier for controlled priming
[225–227], valving [228] and pressure driven batch mixing [229, 230].
4.2.1 Selection of Parameters
As previously discussed, the assessment of the biochemical status of
impaired healing wounds would be a promising tool to guide wound
treatment. As the healing mechanisms are complex and wound status cannot
be determined by a single marker, defining a set of markers would be
the most promising approach for diagnostic tools [26]. From the markers
identified in section 4.1 mainly enzyme activity, protein concentration,
albumin, glucose and cell counts are available for direct detection in a single
step. In addition, many other selective fluorescent probes, as for reactive
oxygen species (ROS), as well as other enzymatic sensing principles are
available. Relevant levels of markers from the literature are summarized
in table 4.2. The inability of clinicians to measure these markers in an
efficient manner has prevented wound care to keep pace with scientific
results. Therefore, quantitative and parallel diagnostics at the point-of-
care would be an important tool to guide and evaluate clinical treatment
of chronic wounds [231].
Table 4.2: Literature values of biomarkers for wound assessment
Marker healing non-healing
(non-infected) (infected)
Collagenases (µg/ml) [232] 0.76 22.8
active MMP-9 (µg/ml) [157] 1.18± 1.21 2.9± 1.64
Lysozyme (µg/ml) [163] 1.79± 1.22 24.2± 9.2
Total protein (mg/ml) [170] 44.3± 8.8 30± 7.6
Albumin (mg/ml) [170] 25± 2.3 17± 4.3
Glucose (mM) [169] 5− 7.6 0.3− 1
Bacteria counts (CFU/ml) [193, 233] < 106 > 106
The functionality of the preseted microfluidic device is demonstrated by
assays of matrix metalloproteinase 9 (MMP-9), protein concentration and
white blood cell counts.
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4.2.2 Pressure Barriers for Selective Gel Patterning
The function of the pressure barriers is best illustrated by considering the
model of a burst valve, a rectangular channel with a sudden expansion with
the angle β as illustrated in Fig. 4.1 and described by CHO et al. [234].
The pressure drop across the liquid/air interface can be determined by the
Laplace-Young equation as follows:
∆p = Pi − Po = γ( 1
Rw
+
1
Rh
) (4.2)
In this equation γ is the surface tension and Rw and Rh are the radii of
the meniscus curvature. With the geometrical substitutes Rw = w2 cos θs and
Rh =
h
2 cos θv
equation 4.2 yields
∆p = 2γ(
cos θs
w
+
cos θv
h
) (4.3)
where w and h denote width and height of the channel with θs and θv
the contact angles of side walls and vertical walls. A positive value for
the pressure difference in Equation 4.3 indicates spontaneous imbibition
into the channel. In contrast, in a hydrophobic channel (θ > 90◦) the
sign changes, meaning that external pressure has to be applied to drive the
liquid into the channel. When a liquid interface is moving, the contact angle
increases above the static equilibrium contact angle θe. A critical advancing
contact angle (θA > θe) is required for the movement, thus the minimum
pressure to move the liquid is bigger than in the equilibrium. Considering
the meniscus reaching the sudden expansion, the contact angle with the new
wall θn is reduced to θn = θA − β (Fig. 4.1). The meniscus stops instantly
because θn < θA i.e. the meniscus is pinned. When the contact line bulges
until θn = θA the valve bursts and the liquid flow continues to the right in
Fig. 4.1. At this point the contact angle with the left wall is θI = θA+β with
a maximum of 180◦. The Young-Laplace equation for the pinned meniscus
can be rewritten as
∆p = 2γ(
cos θA
w
+
cos θI
h
) (4.4)
with a maximum pressure the valve can withstand at θImax = min{θA +
β, 180◦}. According to Equation 4.4 the factors influencing the maximum
pressure for a robust meniscus pinning and in consequence the liquid
guiding (where w  h and θI = θA + β ) are: The surface tension of
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the liquid γ, the contact angle at the expansion θA, the opening angle β and
the channel height h. In the case of liquid guiding by the dry film structures
β = 90◦, given by the sidewall profile of the dry resist, while θA depends
on the resist material and the liquid, and γ on the liquid only. Therefore,
only h, the relative height of the resist structure remains as a free design
parameter.
Figure 4.1: Illustration of a burst valve for meniscus pinning consisting of a
rectangular channel (height h, width w) with a sudden expansion at an angle β.
4.2.3 Chip Design and Operation Principle
The principle of the device is illustrated in Fig. 4.2. Analogous to the burst
valve model, a fluid meniscus is pinned to a capillary pressure barrier and
propagates along it instead of crossing it (Fig. 4.2b). Therefore, liquid
occupies only regions that are defined by the barriers within the chip. After
injection and UV curing of the sensing hydrogel, the analyte autonomously
fills the chamber interdigitated to the gel micro structures by capillary action
(Fig. 4.2a). This principle of selective, interdigitated fluid structuring allows
effective mixing of small liquid batches without any external operation.
Microfluidic chips were fabricated on a microscope glass slide (76 mm ×
26 mm) by hot roll lamination of dry film photoresist, which allows fast,
cost efficient, and parallel processing. Sixteen devices were fabricated on
a slide in a size and distance according to a 96 well plate in order to be
compatible with standard fluorescence reader equipment.
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Figure 4.2: Illustration of chip design. a) Top view: The device is prepared
by injecting the sensing hydrogel via one inlet (blue). After curing, the analyte
fills the chamber interdigitated to the gel and void-free (red). b) Cross section:
Capillary pressure barriers enable reliable liquid guiding. c) Assembled device
with 16 reaction chambers (microscope slide format). Dry film resist is sandwiched
inbetween glass slides. Device masks are shown in Appendix D.
In the first fabrication step a layer of 90 µm dry film resist (Ordyl
SY300, Elga Europe) was laminated onto the bottom glass slide. The
microfluidic chambers and pressure barriers were structured by standard
photolithography. Inlet and outlet holes were powder-blasted into the top
glass layer. Afterwards, a 60 µm dry film layer was laminated and structured
onto the top glass. Both glass slides were aligned by eye and the two
resist surfaces were bonded by hot roll lamination. An assembled device
is depicted in Fig. 4.2c.
After preparation of the chip with a gel for the desired assay, the reaction
is initiated by adding a drop of the sample to the analyte inlet (Fig. 4.2a).
The chip concept enables reactions with a minimum of reagent and sample
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Figure 4.3: Visualization of an assay reaction. a) Only 1 µl of the the sensing
hydrogel is required to prepare the chip. b) Device is ready for the assay with
bromophenol blue pH indicator dye, immobilized in the UV cured hydrogel. c)
Citric acid (pH 2) colored with cochineal red is topping up the chip interdigitated
to the gel in order to have short diffusion paths. d) Fast (around 3 s) shift from blue
to yellow of the pH indicator dye. e) Diffusion of the cochineal red dye into the
hydrogel takes some time due to its molecular weight (MW 604). Picture taken
after 120 s).
volume per test. In comparison to conventional assays, only a fraction
(1.5 µl) of sample per test is required. Preparation procedures and reaction
dynamics are illustrated in Fig.4.3. The device in Fig. 4.3a was prepared
with a pH sensitive dye (bromophenol blue) incorporated in the hydrogel.
Bromophenol blue exhibits a shift from blue to yellow at a pH value below
3. Citric acid (pH 2) with cochineal red (a red food dye) with a molecular
weight of 604 was added to the chip to start the reaction (Fig. 4.3c). Due
to the hydrophilic nature of the gel the device fills completely automatic
and void-free by capillary action. The fast response of bromophenol blue to
the acidic environment is visible in Fig. 4.3d. On the other hand, diffusion
of the cochineal red molecules into the gel structures takes a bit longer.
As seen in the picture Fig. 4.3e, which was taken 2 min after the start
of the experiment, the red dye diffused into the hydrogel fingers. This
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result shows the dependencies of reaction dynamics on the molecule size
and gel porosity. To yield assays with reasonable short response times
(e.g. minutes), the gel composition has to be adjusted to the sample. By
varying the molecular weight of the PEG-DA precursor or addition of a
polyethyleneglycol porogen the pore size and hence diffusion dynamics can
be customized. Since the gel microstructures occupy about half the active
chip area (16 mm2), the device is compatible with macroscopic readout
equipment such as digital cameras, photodiodes or plate readers.
4.2.3.1 Device Dimensions Analysis
Analyses of influencing device geometries and hydrogel properties were
performed in order to optimize the defined filling of the devices and reaction
performance. Interdependencies of design parameters are illustrated in Fig.
4.4. External limiting factors are given in red for upper limits and green
for lower limits. According to equation 4.1, the reaction speed depends on
the width of the gel structures. A main tradeoff is given by gel finger width
for fast diffusion and the liquid volume in the chip for convenient handling
in terms of pipetting and evaporation (Fig. 4.4). The quadratic increase
of diffusion time with gel width narrows the design window. On the other
hand, the channel height is closely related to the structure dimensions by
a robust guiding and the maximum aspect ratio. Several experiments with
varying parameters were performed to optimize the mixing structure design.
Table 4.3: Hydrogel contact angle measurements on glass and photoresist surface
(Ordyl SY300) in dependence of PEG-DA 700 concentration in water.
PEG-DA concentration 0% 20% 40% 60% 80%
glass 11.5 14.5 20 35 38
Ordyl 68 47 40 37 27
Contact angles of gel precursors on glass and the resist surface depend
on the amount of polymer content, thus effecting the guiding by the
hydrophobic resist structures patterned on the hydrophilic glass surface.
Contact angle measurements in dependence on PEG-DA concentrations are
shown in table 4.3.
As the contact angle difference between glass and the photoresist
decreases with increasing polymer content, the step height of the resist
structures has to be increased for a reliable guiding (reduced h in equation
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Figure 4.4: Interdependence of device design parameters with external upper and
lower limits.
4.4). In practice, a step height larger than 60 % of the chamber height
showed robust guiding for the tested precursor solutions. With that structure
height definition, the reliable performance was independent on the chamber
height, tested from 65 µm to 150 µm. However, the total chamber height
is limited by the maximum aspect ratio (≈ 2.5h/w) of the resist material
for the guiding structures. In Fig. 4.5 the advancing menisci on top of
the guiding structures to the top glass surface can be seen. At the PEG-
DA concentration of 20 % a clear difference in wetting on both surfaces is
observable in the inset.
As given by the diffusion law, the gel finger width tremendously
influences the reaction speed as illustrated in Fig. 4.6. The three test
structures contain finger structures with widths of 450 µm, 300 µm and
225 µm, respectively. Both, the pH reaction as well as the red dye diffusion
become considerably faster as the gel finger width decreases.
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Figure 4.5: Advancing fluid menisci pinned to the resist guiding structures,
allowing selective and well defined structuring of the hydrogel in a micrometer
range for fast reagent interaction. Gel finger width: 250 µm. PEG-DA Prepolymere
content is 20 %.
The remaining gel interface height on top of the structures has only minor
influence on the assay speed. Fig. 4.7 compares the reaction speeds of
devices with 20 µm and 50 µm gel interface with only little differences
in color change within the same time. However, an evident difference in
Fig. 4.7 is the increasing intensity with total chamber height, which is
advantageous for readout.
Although minimizing the gel width increases the diffusion speed, a limit
is given by the gel interface height. As seen from Fig. 4.8a, large structures
are robustly filled by low guiding structures (h = 40 %). However, as the
dimensions of the stretched meniscus approaches the lateral gel dimension
(feature size), a critical corner is formed that is prone to overflow and device
failure (Fig. 4.8b).
Dimensions of the reaction chamber of 4 mm × 4 mm with 250 µm finger
width, 90 µm high guiding structures and 60 µm gel interface showed to be
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Figure 4.6: Test structures showing the influence of the chip geometry on the
reaction speed. a-c) Picture taken 3 s after sample injection. a) 6 mm chamber
450 µm fingers. b) 4 mm chamber 300 µm fingers. c) 3 mm chamber 225 µm
fingers. d-f) 2 min after sample injection.
a reliable trade-off of the mentioned aspects and ensure reliable guiding of
liquids with different wetting properties due to varying content of monomers
or solvents.
4.2.4 Hydrogels, Samples and Experiments
The hydrogel consisted of polyethylene glycol diacrylate (PEG-DA) with
a 2-hydroxy-2-methylpropiophenone (HMPP) photoinitiator. For the
proteinase assays the hydrogel precursor was prepared by dissolving PEG-
DA with a molecular weight of 6000 in Tris-HCl buffer (pH 7.6) at 10%
w/v. The HMPP photoinitiator was added at a concentration of 1.5% v/v.
An autoquenching fluorescein conjugate proteinase substrate (DQ Gelatin,
Invitrogen) was mixed with the gel precursor at 10% v/v. Upon cleavage of
the substrate by the proteinase, fluorescence intensity, corresponding to the
enzyme activity can be measured.
Colorimetric protein detection was achieved by a color shift of bromophenol
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Figure 4.7: Reaction speed in dependence of relative guiding structure height. a,
c) 90 µm guiding structure, 20 µm gel interface (110 µm total channel height). b, d)
90 µm guiding structure, 60 µm gel interface (150 µm total channel height). a, b)
3 s after sample injection. c, d) 2 min after sample injection. The relative height
of the guiding structure only slightly influences the reaction speed. However, color
intensity increases with total channel height.
Figure 4.8: Influence of feature size on liquid guiding effect. Guiding structures
are 60 µm high in 150 µm chambers. a) Large structures enable reliable filling even
with the guiding structure height of 40 %. b) As the vertical meniscus dimensions
(≈90 µm in the inset) increase in relation to the feature size, a critical corner is
formed, which is prone to overflow .
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blue upon interaction with protein in an acidic environment [235]. Stock
solutions for the colorimetric protein assay were prepared as follows:
A) PEG-DA, molecular weight 700 mixed with 2% v/v HMPP. B)
Bromophenol blue in deionized water at 10 mg/ml. C) Polyethylene gylcol
(PEG), MW 8000 in deionized water 50% w/w. The gel was mixed in ratios
1:2:1 (A:B:C).
Fluorescent protein assay gels were prepared by mixing 20% w/v PEG-
DA 6000, 1.5% v/v HMPP and 5% v/v of a protein specific dye (Qubit,
Invitrogen) in the provided buffer.
Gel for cell counts consisted of 5 µM Syto-9 in 20% w/v PEG-DA 6000,
1.5% v/v HMPP in Tris/HCl buffer.
Blood samples were obtained from healthy volunteers, recruited at the
Austrian Institute of Technology with informed consent. All experiments
were performed in compliance with the relevant laws and institutional
guidelines of the Austrian Institute of Technology, approved by the ethics
board of the city of Vienna, Austria.
After introduction of the gel into the chip, it was cured by flood exposure
at 365 nm in a UV nail dryer for 30 s. The chips were sealed with tape and
stored cool and dark until use. Samples for standard curves were prepared
by serial dilutions of Clostridium histolyticum collagenase type IV (MMP-
9) and bovine serum albumin. Cochineal red was obtained from a local
pharmacy, all other chemicals were ordered from Sigma Aldrich unless
other mentioned. Fluorescence detection was done by a camera mounted
on a Nikon Eclipse 80i fluorescence microscope with a B-2A filter set. In
addition, readings with a fluorescence spectrometer (Perkin Elmer LS55)
were conducted.
4.2.5 Results and Discussion
4.2.6 Matrix Metalloproteinase Enzyme Assays
The functionality of the microfluidic chips for diagnostic applications is
presented by assaying matrix metalloproteinase 9. Depending on the
enzyme activity the collagene substrate in the hydrogel is cleaved and a
green fluorescence signal is emitted (inset Fig. 4.9a). Results of three
independent experiments are plotted in Fig. 4.9a. Mean values and standard
deviation of image histograms are shown. As seen from the plot, the
sensitivity of the assay increases with incubation time. For concentrations
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Figure 4.9: Data evaluation of fluorescent images of the metalloproteinase assay.
Mean histogram values are plotted versus enzyme activity of MMP-9. a) Results
of 3 consecutive experiments are summarized. Data shows results after 15 min
and 60 min of incubation. b) Readings of a fluorescence plate reader are in good
agreement with image analysis. (excitation 490 nm, slit 5, emission 525 nm slit 10,
515 nm cut-off)
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in the range of 10 µg/ml an incubation time of only 15 min is sufficient.
With increasing incubation time, the limit of detection can be decreased.
Following the guidelines of the Clinical and Laboratory Standards Institute
[236] a rough estimation of the limit of detection at an incubation time of
60 min gives
LD =
meanblank + 1.645σblank + 1.645σlowC
sensitivity
= 0.47µg/ml (4.5)
which is well below the values given in table 4.2. Readings
with a fluorescence plate reader are shown in Fig. 4.9b to demonstrate
compatibility with standard laboratory equipment. As seen, results are in
good agreement with image analysis.
4.2.6.1 Protein Concentration
Comparison of fluorescent and colorimetric total protein concentration
measurements are summarized in Fig. 4.10. Serial dilutions of bovine
serum albumin were used for calibration. Incubation time after sample
introduction was 10 min. The sensitivity of the fluorescent assay (Fig.
4.10a) is much higher compared to the colorimetric method, with a
corresponding LD of 0.02 mg/ml. On the other hand, colorimetric analyses
are simply done by evaluating histogram values of the digital photograph.
As seen from the inset in Fig. 4.10b, the blue color intensity increases with
increasing protein concentration. Limit of detection in this case calculates
to 0.14 mg/ml, which still is well below the concentrations found in wound
fluid samples (compare table 4.2).
4.2.6.2 White Blood Cell Count
The device is capable to handle complex samples as shown by an experiment
with whole blood, collected by a finger prick from a healthy volunteer
(Fig. 4.11). 2 µl were serially diluted 3 and 12 times. Syto-9, a cell
permeable DNA fluorescent dye was incorporated into the gel. After an
incubation time of 15 min white blood cells were labeled green fluorescent.
As mature red blood cells do not contain a nucleus and DNA, the white
blood cells are brightly visible. Counting the number of white blood cells
has diagnostic applications in diseases such as leukemia [237], coronary
heart disease [238], and systemic infection diagnostics. Furthermore, cell
counts in wound fluid could be of additional value as excessive neutrophil
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invasion corresponds with wound severity [239]. Wound fluid analysis
by performing the three presented fluorescent assays on a chip could give
clinicians a quick and robust tool to estimate chronic wound status. All three
assays can be performed on the same chip with equal fluorescent detection
(filter set 450-490/500/515).
4.2.7 Conclusions
A new method for the rapid preparation of hydrogel-based bioassays in a
single step has been demonstrated in this chapter. The simple handling
and operation allows the end user to customize the microfluidic chip for
different biosensing applications. As the chip dimensions define the reaction
volume, pipetting errors by the user can be excluded. Compatibility with
standard equipment was proven, which is an important step towards clinical
acceptance.
By the simple dry film process the chips can be produced by any standard
facility. Future large scale production could also be achieved by hot
embossing methods, as the guiding effect does not necessitate different
wetting properties.
The presented enzyme, protein and cell assays indicate the vast amount of
possibilities for biochemical testing. Hydrogel-based assays are especially
suitable for enzyme activity, enzymatic sensing and direct target labeling
assays, allowing for instantaneous readout. However, hydrogels also
support antibody binding within the three-dimensional matrix, with the
specific advantages of maintaining excellent stability and yielding higher
signals than planar assay due to higher loading [210, 240]. Performing
homogeneous immunoassays would enable detection of specific rare protein
markers in the same rapid manner as the presented assays [241].
The evolution of user friendly microfluidics will yield analytical tools in
clinical applications. Combining several analytical tests on a single slide
offers the possibility to obtain multi-parametric analysis at the point-of-care.
Such tests will help to investigate complex diseases such as chronic wound
healing, where many factors contribute to stalled healing.
4.2 Microarray Chip for Biochemical Analysis 67
Figure 4.10: Total protein concentration assays. a) Fluorescent protein assay
results from image analysis and plate reader (excitation 490 nm, slit 5, emission
560 nm slit 20, 515 nm cut-off). b) Colorimetric protein assay. Bromophenol blue
exhibits a color shift from yellow to blue in an acidic environment upon addition
of protein. All experiments were conducted in triplets, readings were done after
10 min of incubation time.
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Figure 4.11: Handling of complex samples: Fluorescent staining of white blood
cells with Syto-9 in a blood sample. Fluorescence image intensity is plotted against
an automated cell count. From left to right: Negative control, 12-fold and 3-fold
dilution of a drop of whole blood.
Chapter 5
Systems for Bacteria Analysis
Bacteria play an important role in delayed healing, as briefly mentioned in
chapter 4.1. Not only do they pose the risk for life-threatening infections
but also influence the wound environment by affecting pH levels, releasing
enzymes, and forming of biofilms. Section 5.1 discusses the inflammatory
environment promoted by bacteria in chronic wounds.
Efficiency in detecting local infections and testing antibiotic susceptibility
are of utmost importance. A concept for the concentration of bacteria
for use in molecular diagnostics is presented in section 5.2, published
in Microfluidic concentration of bacteria by on-chip electrophoresis,
Biomicrofluidics 5, 044111, 2011, http://dx.doi.org/10.1063/1.3664691,
reproduced by permission of AIP Publishing.
Based on these results, a low-cost detection system to determine total
bacteria counts was developed (5.3), published in Rapid detection of
bacteria by low-cost microfluidic system, Proceedings of Smart Systems
Integration, Apprimus Verlag, Aachen, (2014), ISBN: 978-3-86359-201-1;
S. 323 - 328.
Developed methods for advanced antibiotic testing and bacteria
identification are presented in section 5.4, published in Hydrogel-
based microfluidic incubator for microorganism cultivation and analyses,
Biomicrofluidics 9, 014127, 2015, http://dx.doi.org/10.1063/1.4913647,
reproduced by permission of AIP Publishing.
5.1 The Pro-Inflammatory Environment
The chronic open wound offers a sustained gateway for bacteria. Therefore,
all chronic wounds contain bacteria from the environment, the surrounding
skin, or endogenous sources, including mucous membranes [242]. A critical
aspect to healing is the grade of bacterial invasion, which can be divided
into surface contamination, superficial colonization, deeper tissue infection,
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and the systemic sepsis. The risk of an infection can be described by the
following relation:
Infection =
Number of organisms× Organism virulence
Host resistance
. (5.1)
Besides number and type of bacteria, the ability of the immune response
to prevent bacterial damage is the most important factor. Cardiovascular
diseases, poor nutrition, medication, smoking, or diabetes all may interfere
with the host immune system. Acute infections are diagnosed by the
classic terms of calor, rubor, dolor, tumor, and functio laesa (heat, redness,
pain, swelling and function loss). For diagnosing chronic wound infection
additional clinical signs include red and bleeding granulation tissue, delayed
healing, exudate, necrotic tissue, increased temperature, smell, and new
areas of breakdown. [15, 243, 244]
However, for wounds without those signs of infection that still refuse to
heal biofilm formation has been a possible explanation. A biofilm is defined
as a community of bacteria that adheres to a surface and is embedded in
an extracellular polymeric substance (EPS). The inability of the immune
system to eradicate bacteria, protected by the EPS is believed to be a reason
for the persistent inflammatory response in chronic wounds [16, 244, 245].
Investigation of chronic leg ulcers revealed the presence of two to five
different bacteria with the presence of Staphylococcus aureus in 93.5%,
Enterococcus faecalis in 71.7%, Pseudomonas aeruginosa in 52.2%,
coagulase-negative staphylococci, such as Staphylococcus epidermis in
45.7% and anerobic species in 39.1% of the observed ulcers [246].
Observations of a broader range of wound types also yields a wider variation
of bacteria but S. aureus and P. aeruginosa remain among the most prevalent
and most discussed species as a reason for delayed healing [242, 247–249].
In contrast to coagulase-negative staphylococci, S. aureus is pathogenic
due to the virulence factors coagulase, protein A, leukocidine, enzymes
as catalase and different toxins. In addition S. aureus has the ability to
form biofilms, and it may show antibiotic resistance (methicillin resistanst
S. aureus, MRSA) with major consequences for the treatment procedures
in order to avoid further spread [250]. In addition to S. aureus also P.
aeruginosa has the ability to form biofilms. Wound colonization with P.
aeruginosa has shown to result in delayed healing [251, 252]. In wounds
that harbored large P. aeruginosa aggregates, alginate was found to build
the EPS [253], which prevents phagocytosis, acts as a scavenger of oxygen
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radicals, and binds cationic antibiotics [16]. The virulence factors produced
by the bacteria in biofilms interfere with the host immune response and
foster the release of pro-inflammatory cytokines and proteases [245].
5.1.1 Diagnostics and Infection Control
Determining the bacterial load of a wound has for long been discussed
as a measure for delayed healing [242]. A tissue bacterial count of 105
to 106 CFU/g has been suggested as a quantitative measure for delayed
healing. However, the sampling method highly influences the result and
and has been discussed in literature. While some authors have argued
that tissue biopsies yield a precise microbiological representation of the
wound, non-invasive, faster and safer surface swabs according to the Levine
technique have become the gold standard [2, 233, 242, 254–256]. At least
at the first presentation of the patient swabs are recommended to record
the bacterial spectrum of the wound [247]. In addition, when signs of
infection are present, identification of pathogens and antibiotic sensitivity
testing is recommended [257]. Although molecular methods have been
proposed for bacterial identification, antibiotic sensitivity testing requires
growth based methods in any case [258, 259]. Despite the presence and
importance of anerobic bacteria in chronic wound infections, anerobic
microbiological analysis are not performed routeinely in many facilities
due to time consuming, elaborate and expensive culturing [242, 249].
A direct and simple method of biofilm identification does not exist but
fluorescent in situ hybridization with confocal laser scanning microscopy
can be used to visualize biofilms in chronic wound biopsies [253, 260].
Biofilm-based wound care is a combination of sharp debridement and
strategies to inhibit reformation of biofilms. For optimal treatment
after debridement, rapid methods to identify bacteria and their antibiotic
susceptibility are required. Different topical antiseptics have been evaluated
for the treatment of biofilm containing wounds. A class of agents including
lactoferrin, xylitol, and ethylene diamine tetraacetic acid (EDTA) especially
targets the inhibition of biofilm formation [50, 261, 262]. In this respect
quorum sensing, a chemical communication among bacteria, is an important
mechanism in biofilm formation and poses an exciting and attractive
possibility for biofilm inhibition. [184, 185, 263].
Observing equation 5.1 reveals that not all contributors to infection are
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accessible for measurements. Currently, only methods for bacterial counts
and identification are available. However, infection is diagnosed by clinical
signs of the immune response and bacterial analysis is only performed if
these clinical signs of infection are present. The role of anerobic bacteria
in delayed healing often is neglected, while methods for identification and
treatment of biofilms currently still are under investigation. Routinely
performed bacterial tests and controls of the microbiological wound
environment would be of great benefit to get a complete picture of the
chronic wound for research and therapy. Therefore, rapid tools for bacterial
analysis are required together with standardized sampling methods.
5.2 Micro-Free Flow Electrophoretic
Concentration of Bacteria
Miniaturized diagnostic systems for analysis of infectious pathogens
have been widely investigated over the last two decades [103, 264].
Amplification-based systems such as real-time PCR have been in the
focus of this research. For applications at point-of-care or resource
poor environments automated and easy to handle sample preparation
techniques have to be developed. Sample preparation for nucleic acid
testing includes concentration of the pathogens and extraction of nucleic
acids. Commonly applied procedures for nucleic acid extraction require
a large number of reagents and preparation steps, limiting applications in
rapid pathogen testing [265]. Recently, a microfluidic chip for lysis of
target species and isolation of RNA was presented [266]. Due to the small
volumes of such devices and the low analyte concentration of real-world
samples, a preconcentration step is required. Conventional concentration
techniques are based on centrifugation, membrane filtering or capturing
by functionalized magnetic beads [267]. For the success of microfluidc
diagnositic platforms automated, easy to handle and readily combinable
functional units have to be developed [268].
The three main concepts for chip-based pathogen concentration are physical
trapping, functionalized particles and electrokinetic techniques [264].
Physical traps for bacteria are fabricated by shallow channels or arrays
of microbeads [269, 270]. Although these devices are simple, clogging
and capturing of small pathogens such as viruses are major difficulties.
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Antibody-coated particles have been used to selectively bind to the
target species. These particles are trapped in microchannels by physical
barrieres [271] or magnetic fields [272–274]. The capture efficiency
strongly depends on the quality of the coatings and proper mixing of
particles and analytes. For a successful integration and an increased capture
efficiency, further advances in bead modification and controllability of the
magnetic field have to be made [275, 276].
The electrokinetic principles, dielectrophoresis (DEP) and electrophoresis
have the advantage to be electrically controllable and easy to integrate [268].
Both methods depend on the conductivity of the liquid medium. Hence,
analysis of swab-derived pathogens, transferred to the medium is the
preferable application over direct use of physiological samples. Swabs
are the most common method for identification of wound infections in
clinical diagnostics [277]. Other applications of swabs are the detection
of respiratory infections [278], and contaminated food and environmental
surfaces [279].
Dielectrophoresis has widely been used for preconcentration and separation
of cells and bacteria [106]. Many of them direct cells to certain positions
within a prefilled chip [280–284] rather than reducing the volume. A
number of DEP traps and separators have been optimized for continuous
operation by careful scaling of the device and electrode dimensions to
the analyte, as the dielectrophoretic force depends on the volume of the
biological particles [285–291]. As analyzed by KUCZENSKI et al. [287]
the high field strengths required to manipulate bacteria can strongly affect
their viability. In addition, high fields induce disturbing effects such as
electrothermal flow and AC electroosmosis [283, 292, 293].
Bacteria and viruses exhibit a negative charge at physiological pH values.
Therefore, electrophoretic concentration has the advantage to be universally
applicable for a wide range of pathogens. Free flow electrophoresis (FFE)
including isoelectric focusing (IEF) and zone electrophoresis (ZE) has
been used to separate biological particles [294–297] but has received
considerably less attention for the concentration of bacteria or viruses.
YAGER et al. and BALASUBRAMANIAN et al. presented microfluidic
devices for continuous concentration and capture of bacteria. [298–300]
Previously, a device for the concentration of bacteria was developed. A
factor of 17.8 for gram positive bacteria was achieved within 30 min.
Besides the throughput also the capture efficiency was still unsatisfyingly
at around 80 % [301]. Herein, the influencing factors are analyzed and an
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optimized device and method for concentration of bacteria by means of FFE
is presented. A highly efficient but gentle concentration of gram negative
bacteria, which are far more sensitive to lysis is demonstrated. Together
with the earlier developed chip for lysis and nucleic acid isolation [266] the
presented method can lead to rapid analysis of swab-derived pathogens.
5.2.1 Theory
Bacterial cells exhibit a negative surface charge due to ionized carboxylate
and phosphoryl groups and therefore experience a force in an electric field.
The resulting migration velocity is proportional to the electric field,
~v = µ~E (5.2)
where µ is defined as the electrophoretic mobility (EM). Electrophoretic
mobilities of bacteria are typically in the range of −1 to −4 · 10−8 m2/Vs
and are highest at low ionic strength of the medium [302–304]. The pH
has a minor influence above a value of 6, at which mobilities are almost
constant [305].
The major side-effect, influencing the motion of bacteria is due to
electroosmotic flow (EOF). The EOF is caused by the interaction of an
electric field with the double layer formed at the liquid/glass interface. The
high surface-to-volume ratio in microfluidic channels causes EOF to have
a major influence on micro-electrophoretic techniques. The electric field
moves the liquid boundary layer towards the cathode and drags the bulk
fluid along. Since the channel is closed in the direction of the electric
field, a circular flow develops that interferes the electrophoretic migration
of bacteria. Cationic surfactants have been used to suppress EOF [298]. As
these surfactants are known biocides they have to be avoided to ensure high
bacterial yield.
Polymeric additives, such as hydroxypropyl methylcellulose (HPMC)
can be used to suppress electroosmotic flow. HPMC acts as a dynamic
coating, increasing the viscosity within the double layer and reducing
the surface charge density at the channel wall. By adding 0.1% w/w
methylcellulose CUI et al. have reduced the EOF by a factor of 10 [306].
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5.2.2 Chip Design and Fabrication
Formation of bubbles at the electrodes due to electrolysis and, as a
consequence, the unstable performance is one of the main limiting factors
of µFFE. To overcome this problem a variety of strategies have been
developed, including different buffer additives, membrane barriers, or
multiple depths designs [307, 308]. In the presented device the concept of
phaseguides was used to prevent bubbles from blocking the current paths
and to enable controlled filling of the chip. Phaseguides are stripes of resist
within the channel to control an advancing liquid-air meniscus as discussed
in section 4.2.2.
Figure 5.1: Photograph of the microfluidic chip: Phaseguides are used to ensure
controlled filling of polyarcylamide gel. Triangular structures are placed on top
of the electrodes to expulse bubbles to the venting outlet. Device dimensions are
14mm × 22mm with 120 µm channel height. The concentration channel, defined
by gel barriers measures 3.5mm × 15mm. Device masks are shown in Appendix
D.
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The chip design is illustrated in Fig. 5.1. Polyacrylamide gel is
introduced via phaseguides to define the concentration channel. The
nanoporous gel polymerizes without shrinking. It is used to collect the
target species, which are driven through the chip by a continuous flow while
electrical current passes through the gel matrix. The phaseguides at the
electrodes act as a pressure barrier, preventing gas bubbles to cross (zoom
circle in Fig. 5.1). Furthermore, for a bubble that develops between two
triangles, the pressure drop across the larger liquid/gas interface is lower
than across the smaller surface. Thus, the bubble tends to grow towards the
open end of the triangles and leaves the channel through the venting hole.
Two 4-inch, 500 µm thick glass wafers were used as the base material of
the devices. Platinum electrodes were structured on the bottom substrate
by a standard lift-off process. Holes for fluidic access were drilled through
the top substrate. The microfluidic structures of the device were formed
within a dry film resist layer (Ordyl SY330). The resist with a thickness
of 30 µm was laminated onto one substrate in multiple layers at 95◦C and
photolithographically patterned. Two layers were laminated and exposed
to obtain phaseguides of 60 µm height. Another two layers were added to
form the channels and the bubble expulsion structures of a total height of
120 µm (Fig. 5.1). After resist development the top substrate was bonded at
a pressure of 60 N/cm2 and a temperature of 95◦C without the need of further
adhesives. For details of dry film resist chip fabrication refer to VULTO
et al. [309]. Finally, the bonded wafers were diced into single devices of
14 mm× 22 mm dimensions.
After fabrication, a 16% polyacrylamide gel (40% Acrylamid/Bisacrylamid
19:1, sodium borate) was filled into the chips. The gel was crosslinked with
ammonium persulfate (APS) and tetramethylethylenediamine (TEMED) in
a nitrogen-flooded chamber. Afterwards, the devices were filled with SB
medium to avoid dehydration of the gel until use.
5.2.3 Finite Element Simulations
To optimize the parameters of the concentration method, bacterial
trajectories were calculated by finite element simulations in COMSOL
Multiphysics and MATLAB. The stationary velocity of the pressure driven
flow was evaluated by a 3-dimensional model of the microfluidic channel.
For the calculation of the electric field distribution and the corresponding
electroosmotic flow a 2D model was sufficient because the field was
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uniform along the channel. The simulation results were used in a MATLAB
script to calculate the resulting bacteria motion by summing up the pressure
driven flow, EOF and the electrophoretic migration at discrete time steps.
Simulation parameters were matched to the experimental settings. The zeta
potential, ζ = −75 mV of glass with 1 mM sodium borate was taken from
LEE et al. [310].
Figure 5.2: Finite element simulations of the concentration process: Cross section
at the anodic side of the channel. Surface plot: Electic field distribution. Arrows:
Electroosmotic flow. Lines: Trajectories corresponding to Fig. 5.3. Simulation
parameters: Electric current I=230 µA, zeta potential ζ = −75mV, medium
conductivity σSB = 250 µS/cm
Results of the finite element simulations of the concentration process
are shown in Fig. 5.2 and Fig. 5.3. The surface plot in Fig. 5.2 shows
the electric field distribution at the anodic gel/channel interface. From
a distance of the interface the electric field takes a constant value of
5111 V/m. The arrows indicate direction and velocity of the electroosmotic
flow. As it induces a circular bulk flow it is independent of the phaseguide.
The performance limiting influence of EOF is illustrated by the trajectories
in Fig. 5.3.
Bacteria enter the channel from the left at different vertical starting
points. Close to the top and bottom glass surface the electroosmotic velocity
outweighs the oppositely directed electrophoretic migration and bacteria are
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Figure 5.3: Trajectory simulations of bacteria under the influence of EOF at
different heights: Close to the glass surface EOF dominates over the electrophoretic
force and bacteria are swept out instead of being captured at the gel. Simulation
parameters: Flow rate 15 µl/min, electrophoretic mobility µ = −2 · 10−8m2/Vs.
moved towards the cathode. Due to the circular flow they turn around at the
gel barrier and migrate towards the anode. However, before being captured
at the anode by the electric field these bacteria are swept out of the channel
(h = 5µm, 10µm, 15µm). As EOF is reversed towards the vertical center
(Fig. 5.2) both, the electrophoretic force and EOF are directed towards the
anode and bacteria are collected at the gel as desired (h = 40µm, 60µm,
95µm).
When EOF is suppressed by addition of hydroxypropylmethylcellulose
(HPMC) all trajectories end at the gel, independent of the height of the
phaseguide. These results verify that the electric field of 5111 V/m is
sufficient to capture bacteria at the given flow rate of 15µl/min. Upon
variation of the flow rate the electric field has to be set accordingly. With
the drag force of the flow and the perpendicular electrophoretic force, the
capture efficiency follows a linear relationship.
5.2.4 Sample Preparation
Two different strains of E. coli, namely K12 and XL1-blue were used as
model organisms. K12 cultures were grown overnight for 14 h to 16 h in
lysogeny browth (LB) medium at 37◦C in a shaking incubator. To receive
log-phase bacteria, 5µl of the culture were transferred to 5 ml of fresh LB
medium and incubated for 2.5 hours.
For better insight into the concentration and resuspension process green
fluorescent bacteria were utilized. XL1-blue cells were transformed with
pBAD vector harbouring genes for expression of green fluorescent protein
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(GFP) and ampicillin resistance. Since GFP expression induced by
arabinose takes between 8 and 24 hours it is not possible to receive log-
phase fluorescent bacteria. Therefore, the XL1-blue cells were grown on LB
agar with 0.5% w/w arabinose and 50 µg/ml ampicillin.
The samples were suspended in sodium borate (SB), which is proposed
by BRODY and KERN [311] to be a superior electrophoresis medium.
Gram-negative bacteria exposed to EDTA show an enhanced membrane
leakage giving rise to bacterial death rate [312]. Therefore, SB medium
appeared to be more suitable for bacterial concentration experiments. The
solution consisted of 1 mM sodium tetraborate. The pH was adjusted to
8.5 by addition of boric acid. The final conductivity was adjusted to
σSB = 250 µS/cm. In addition, hydroxypropyl methylcellulose was added
in a concentration of 0.1% w/w to effectively suppress electroosmotic flow.
Prior to the experiments the bacteria were washed in SB and diluted to a
final concentration of about 5 · 104 CFU/ml. This concentration was the
minimum to have sufficient bacteria in the waste for enumeration.
5.2.5 Experimental Setup
For fluidic and electrical access the chip was placed into an acrylic holder.
The setup was placed on a microscope table to follow the experiments
(Fig. 5.4). As part of the construction of a portable system, a miniaturized
electroosmotic pump (Nano Fusion Technologies) was used in this study.
Since the working liquid of the pump had to be deionized water, the sample
was introduced into a tube and pumped indirectly through the chip. The
concentration experiments were conducted at the maximum flow rate of the
electroosmotic pump of 15 µl/min.
To avoid electrolyte exhaustion, the electrode chambers were rinsed with
fresh buffer. A constant current was applied to the electrodes to maintain
a stable electric field and a constant migration velocity throughout the
experiments.
The maximum concentration factor of 61.54 was determined by the used
sample volume of 400 µl and the chip volume of 6.5 µl. With the flow rate
of 15 µl/min the experiments lasted approximately 27 min.
The drop plate method was used for enumeration because of less time and
material needed compared to the spread plate method [313]. The sample
reference was plated prior the experiments to avoid overestimation of the
concentration factor due to lysis during the experiments. 100 µl of the
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Figure 5.4: Experimental setup: Chip in acrylic holder, sealed by two knurled
screws. An electroosmotic pump (Nano Fusion Technologies) drives the sample
into the chip. The electrode chambers are hydrostatically flushed with medium.
sample (=Volref) were 10-fold serially diluted in LB medium and 16 drops
of 10 µl of each dilution step were plated for enumeration. After collecting
the bacteria at the gel, a negative current was applied to resuspend them
to the medium. The chip volume was emptied with a pipette, transferred
to 993.5 µl LB, serially diluted and plated. The waste was plated without
dilution to receive sufficient colony forming units (CFU). After incubating
the agar plates overnight, the CFU were counted and the capture efficiency
C, concentration factor fc, and recovery rate R were calculated as follows:
C = 1− CFUwaste
CFUref
· V olref
V olwaste
(5.3a)
fc =
CFUchip
CFUref
· V olref
V olchip
(5.3b)
R = fc · V olchip
V olsample
. (5.3c)
5.2.6 Results and Discussion
Bacterial viability in the electrophoresis medium was tested by suspending
E. coli XL1-blue in SB and TBE buffers. The bacteria were plated
immediately after suspending as a reference and after 30 min and 60 min
at room temperature. Compared to previously used gram positive bacteria,
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gram negative E. coli are far more sensitive to lysis [301]. Furthermore, Fig.
5.5 shows a significant decrease of viable cells in TBE between 30 min and
60 min, whereas the cell number in SB medium almost remained constant
within this time frame. Thus, SB turned out to be the better choice for
electrophoresis experiments with gram negative bacteria.
Figure 5.5: Comparison of E. coli XL1-blue viability in SB and TBE. The faster
decrease of viable, culturable bacteria in TBE confirmed that SB is the favorable
medium for electrophoretic experiments. The bars represent mean values of three
independent time series.
As shown by the simulation in Fig. 5.3 the influence of electroosmosis
decreases the capture efficiency of the device. During experiments without
HPMC a part of the bacteria visibly followed the simulated trajectories and
were swept out of the channel. Thus, the capture efficiency C according
to Eq. 5.3a considerably decreased without the addition of HPMC as a
dynamic coating.
The influence of EOF depends on the flow rate and the strength of the
electric field. In addition to previous results [301], three concentration
experiments of E. coli XL1-blue at 15 µl/min without HPMC showed an
capture efficiency of 87 ± 7%. In contrast, in experiments with 0.1%
HPMC and the same species the efficiency was 98.4 ± 1% as summarized
in Table 5.1. By supressing EOF the earlier found non-linear variations of
the capture efficiency [301] could not be observed anymore.
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Five independent experiments were conducted with E. coli XL1-blue and
E. coli K12. The details of the concentration experiments are presented
in Table 5.1. Capture efficiencies for both strains were around 99 % with
small deviations. Variation of parameters, such as the medium conductivity
and the flow rate of the µEO pump gave rise to these deviations. The mean
value of recovery R was 81.5 ± 3.6% for XL1-blue with a corresponding
concentration factor fc of 50.2 ± 2.2. Experiments with the K12 strain
showed a mean recovery rate of 77 ± 2.8% and a 47.4 ± 1.7-fold
concentration. All experiments were conducted at a flow rate of 15 µl/min
for a time of 26 min 40 s.
Table 5.1: Results of five indepenent concentration experiments for E. coli XL-1
blue and E. coli K12, respectively.
E. coli XL-1 blue
Capture Efficiency C Recovery Rate R Concentration Factor fc
98.9 % 77.3 % 47.6
99.3 % 81.1 % 49.9
97.5 % 82.4 % 50.7
99.1 % 87.1 % 53.6
97.1 % 79.7 % 49.05
98.4± 1 % 81.5± 3.6 % 50.2± 2.2
E. coli K12
Capture Efficiency C Recovery Rate R Concentration Factor fc
99.6 % 72.2 % 44.4
99.8 % 79.1 % 48.7
99.9 % 77.2 % 47.5
99.4 % 78.9 % 48.5
98.6 % 77.5 % 47.7
99.5± 0.5 % 77± 2.8 % 47.4± 1.7
The resuspension process is depicted in Fig. 5.6 for the fluorescent E.
coli XL1-blue. Accumulation of bacteria at the gel barrier at the end of the
experiment is shown in Fig. 5.6(a). The recovery rates depended on the
number of viable and culturable bacteria in the chip and their adherence to
the gel. Excellent visibilty of the fluorescent bacteria enabled to optimize
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the resuspension process. A small current of−50 µA to−100 µA applied for
1 min was found to yield optimal resuspension results. Bacterial viability of
the initial sample was checked at the end of each experiment. For E.coli
K12 the mean viability after experiments was 89 ± 5.7%. The viability of
Xl1-blue showed a higher variation (90.8± 10.7%) because growth on agar
plates was not as reproducible as growth of log-phase K12 in LB medium.
Comparison of the viability and recovery rates reveals a mean loss of 12%
for K12 and 9.3% for XL1-blue. After inversion of the electric field, the
bacteria were resuspended to the medium. As seen from Fig. 5.6(b) the loss
can be addressed to irreversible adherence of bacteria to the gel. Thus, it can
be concluded that the method itself did not affect bacterial viability, which
is important to prevent nucleic acids from enzymatic degradation.
For comparison, HALLE et al. [299] reported concentration factors of
1.8 for vegetative bacteria and 4.5 for bacterial spores in 9 min 30 s.
BALASUBRAMANIAN et al. [300] showed the concentration of bacteria with
an efficiency up to 99.9% and a maximum concentration factor of 14.2 in
1 h.
In contrast to other concepts, bacteria were captured at the implemented
gel barrier. Keeping bacteria away from the electrodes prevents electrode
fouling and decreasing capture performance over time. Besides the
concentration, subsequent access to the sample is of main importance
but often neglected. The controlled release of bacteria from the gel
barrier delivers a concentrated sample for further use. Growth based
enumeration proved that the presented method keeps bacteria viable and
culturable. After recovering the sample, target molecules can be cleared
in the previously developed RNA extraction chip. Neither the used gel
nor hydroxypropylmethylcellulose inhibit subsequent PCR amplification.
[266, 314]
5.2.7 Conclusions
A system for on-chip electrophoretic concentration of pathogens to a
small volume, required for microfluidic, PCR-based detection systems
has been presented. E. coli were continuously collected at an embedded
polyacrylamide gel, separating the concentration channel from the
electrodes. Thus, bacteria were prevented from exposure to high field
strengths and electrolysis products at the electrodes.
In comparison to previous works [298–301] several advances were obtained:
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Figure 5.6: Resuspension of fluorescent E.coli XL1-blue. (a) Accumulation at the
end of the experiment. (b) Application of −50µA for 1 min to detach bacteria.
The small chip volume of 6.5µl and the flow rate of 15µl/min enabled
high concentration factors in less than 27 min while maintaining capture
efficiencies up to 99 % by supression of EOF. Recovering viable and
culturable bacteria from the chip yielded factors of 50.2 ± 2.2 for E. coli
XL1-blue and 47.4 ± 1.7 for E. coli K12. Phaseguides of half the channel
height effectively prevented bubbles from blocking current paths and did
away with the elaborate deposition of platinum black. Sodium borate was
shown to be the superior medium for the concentration experiments.
The experimental results show the great potential of free flow
electrophoresis for the concentration of pathogens. Avoiding resuspension
and transfer of the analyte would further increase the concentration factor,
and save time and material. Integration of preconcentration, cell lysis, and
nucleic acid isolation and analysis on a single device is a promising step
towards rapid identification of pathogens.
5.3 Low Cost Bacteria Detection System
In the previous section a powerful method for the concentration of bacteria
at the point-of-care was presented. In addition to the discussed molecular
detection methods after a concentration step, direct detection of the total
amount of bacteria is thinkable. A high bacterial burden or infection
creates a pro-inflammatory environment that delays healing as discussed
in section 5.1. Analysis of wound swabs have shown that a bioburden
of > 37000 bacteria per swab can predict chronic wound infection and
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delayed healing [233]. Cultivation on agar plates is the golden standard
for bacterial analysis but is laborious and results are not available within 24
hours or more. Rapid bacterial detection methods would help to improve
wound treatment and reduce the risk for patients. Fluorescence is the most
utilized detection method in biological analysis. However, conventional
fluorescence methods include the use of expensive equipment, such as flow
cytometers, epifluorescence microscopes or fluorescence spectrometers.
The availability of computing power and excellent cameras in consumer
electronic devices, such as mini computers and smartphones, gives the
possibility to design smart and readily available diagnostic devices [315].
Herein, the rapid enumeration of bacteria by utilizing a Raspberry pi
mini computer in combination with a disposable microfluidic chip is
demonstrated. Bacteria are stained and concentrated to a small volume by an
electrophoretic force, where they are detected by the simple optical system.
5.3.1 Chip Design and Fabrication
The design of the microfluidic chip is illustrated in Fig. 5.7. It consists
of two 100 µm wide fluidic channels, which are separated by a nanoporous
hydrogel membrane. Each channel is supplied by a single fluidic reservoir
with a partition strip for bubble free filling, as indicated by the white arrow
in Fig. 5.7. With this design, different fluid levels, evaporation or tilted
placement do not induce a disturbing flow once the reservoirs are filled
(5.8a). The sample reservoir can take 100 µl of liquid, avoiding the use
of fluidic connections and pumps.
The third inlet is used to introduce a photocurable hydrogel (Fig. 5.8b),
which is acting as a nanoporous membrane. At a physiological pH bacterial
cells exhibit a negative surface charge and, therefore, experience a force
in an electric field. When a DC voltage (Uc) is applied across the two
reservoirs, bacteria migrate towards the hydrogel (Fig. 5.7 green arrow)
and are collected and concentrated at the gel interface. With the reservoir
volume of 100 µl and the detection volume of about 1 nl a theoretical
concentration factor of 105 is obtained. In contrast to other nanoporous
membranes, which are difficult to cointegrate with the fluidic system, the
hydrogel membrane has the advantage to keep the chip fabrication very
simple.
The microfluidic chips were fabricated on a poly(methyl methacylate)
(PMMA) substrate, laser-cut to a format of 76 mm × 26 mm. Channel
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Figure 5.7: Microfluidic electrophoresis chip: Reservoirs for sample and buffer
are separated by a hydrogel membrane. By applying a DC voltage between the
reservoirs, bacteria are concentrated and detected at the gel barrier. Device masks
are shown in Appendix D.
structures were fabricated into an acrylic dry film photoresist (Ordyl SY300,
Elga Europe). This technology enables rapid and cost efficient prototyping.
A layer of 150 µm dry film resist was laminated on a PMMA slide and
structured by standard photolithography.
Figure 5.8: Microfluidic electrophoresis chip: a) Partition strip for filling the
channels from a single reservoir. b) Injection of hydrogel in the third inlet forms
the membrane.
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Fluidic access holes and reservoirs were laser-cut into a second PMMA
slide. Finally, the two slides were bonded by hot roll lamination. Four
individual devices were fabricated on a slide. The nanoporous hydrogel
consisted of 20% polyethyleneglycol diacrylate MW 700 (with 1.5% 2-
hydroxy-2-methyl-propiophenone as a photo initiator) in sodium borate
buffer liquid. 0.4 µl of the gel precursor were injected into the chips and
cured by exposure to 365 nm UV light for 30 s.
5.3.2 Setup and Experiments
The buffer liquid for the electrophoretic concentration of bacteria was
prepared by 5 mM sodium tetraborate (Sigma Aldrich) adjusted to a pH of
8.5 by adding boric acid. The final conductivity of the buffer was 750 µS/cm.
Figure 5.9: Detection system consisting of a Raspberry pi with CMOS camera,
equipped with a longpass filter (515 nm) and a PDMS lens. A blue diode laser
(450 nm) is used for fluorescent excitation. Concentration voltage Uc = 120V is
provided by a DC high voltage converter.
Samples were prepared from cultures of 6 different E. coli strains
(Symbioflor 2) and 10 strains of E. faecalis (Symbioflor 1). Bacteria
were cultivated on agar plates with 1.5% agar and 20 g/l lysogenic broth
(Carl Roth). Before the experiments, a culture was taken from the plate,
suspended in the electrophoresis buffer and serially diluted. Bacteria were
fluorescently labeled with nucleic acid binding dyes. Syto 9 (Invitrogen)
(ex 480/em 505) penetrates all bacteria and renders them green fluorescent.
For total bacteria enumeration the samples were incubated with a working
concentration of 1 µM Syto 9 for 15 min.
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The experimental setup is depicted in Fig. 5.9. The chip is placed
into the holder and the focus of the camera module adjusted, if required.
The electrodes are immersed in the open chip reservoirs, in order to
allow release of electrolytically formed gas bubbles. A DC/DC converter
(Recom R05-100B) provides the electrophoretic concentration voltage
Uc of 120 V. Fluorescence is excited by the 450 nm diode laser (Laser
Roithner), which is directly coupled into the chip at a shallow angle. A
longpass filter with 515 nm cut-on wavelength is placed above the camera
module. The magnifying lens was fabricated by rapidly curing a drop of
polydimethylsiloxane (PDMS) on a hotplate at 80◦C. Total costs of the setup
are summarized in Table 5.2.
An experiment was started by applying the concentration voltage to the
reservoirs. The camera was set to take a picture after 5 min for subsequent
fluorescence intensity measurements. As a reference, a part of the sample
was serially diluted and plated on agar plates for enumeration by the drop
plate method [313].
Table 5.2: Approximate costs of the detection system
Raspberry pi + camera module 55 C
Laser module 170 C
Longpass filter 30 C
DC/DC converter 29 C
Power supply 5 C
Housing 5 C
Total 294 C
5.3.3 Results and Discussion
Detection of different concentrations of bacteria is illustrated in Fig. 5.10.
As seen in the sequence of Fig. 5.10 a, bacteria were concentrated at
the hydrogel, yielding a bright fluorescent signal. Fluorescence intensity
increased with colony forming units log(CFU/ml) according to the fitted
power function (Fig. 5.10 b). The last point was excluded from the fit, as
the intensity was saturating at such high concentrations. Intensities were
evaluated after 5 min. In order to increase sensitivity, the experiment time
can simply be extended. Selectivity towards other organisms is given by the
negative charge of bacteria as well as the fluorescent dye, which especially
is staining bacteria but not yeasts.
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Figure 5.10: a) Enrichment of E.coli bacteria at the gel membrane. The
corresponding concentrations are indicated by the red diamonds. b) Fluorescence
intensity is plotted over concentration values. The red line marks the critical value
of swab-derived bacteria for wound infection. Experiment time: 5 min.
5.3.4 Conclusion
With the presented system the detection of bacteria in a fast and simple
manner was demonstrated. The threshold of 37000 bacteria for wound
infection diagnostics can be detected within a few minutes. The simple
design in combination with a nanoporous hydrogel allows fabrication on
a disposable polymer substrate. By rearranging the mechanical setup
the principle can also be applied to any other available devices, such as
smartphones or tablets. The combination of smart microfluidic systems
with widespread consumer electronics can revolutionize common analytical
procedures by enabling rapid and simple analysis for many applications in
health care diagnostics and environmental monitoring.
5.4 Rapid Bacterial Testing
As discussed in section 5.1, growth based methods are required for
antibiotic sensitivity testing of bacteria. As the growth is macroscopically
detected, these methods generally are slow. However, microfluidic culturing
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techniques are able to overcome these limitations. Cultivating different cell
types on microfluidic devices outperforms conventional culture methods in
many ways. The major advantage is that the systems in the microscale
can provide tightly controlled culture conditions, mimicking the in vivo
environment of cells [316]. The possibilities of coculturing multiple cell
types while studying their interactions has led to the emerging subfield of
organs on chip [317]. In addition, microfabrication technologies enable
cointegration of online analysis and manipulation concepts, such as micro
electrodes and optoelectronic devices [226, 318–320]. Key issues in
microfluidic cell cultures are the need for defined cell seeding, supply of
nutrients and gases, as well as keeping the cells in place. Adherently grown
cells are either attached to the bottom surface in 2-dimensional cultures or
immobilized in 3-dimensional hydrogel structures [137, 321–325]. Cells
that are growing in suspension usually are trapped by physical barriers while
the culture chamber is perfused with fresh medium [319, 326, 327]. The
shear stress induced by the constant fluid flow can have adverse effects
on sensitive cells. In addition, small species, such as microorganisms
with diameters down to 0.5 µm are difficult to trap. Devices for shear-free
cultures make use of dead-end growing chambers with diffusive medium
supply from a microfluidic channel. Seeding strategies, including injection
through the chip cover [328], high pressure [329], or application of a
vacuum [330, 331] can be complex, while harvesting of cells after an
experiment is hardly possible.
The majority of microfluidic cell culturing chips are fabricated in PDMS
because of its inherent oxygen permeability. [113, 323–325, 332–341].
Some report on partial 3D cell culture patterning by arrays of posts [323–
325], requiring delicate injection pressure control [323] and, therefore,
preventing wide spread application. At the same time PDMS has several
other disadvantages. Due to its hydrophobic nature, difficulties with
priming, trapped air bubbles, and adsorption of proteins and dyes can arise.
Furthermore, unstable surface properties and leaching of uncrosslinked
oligomers have been reported [113, 339, 340]. A variety of surface
modification techniques have been developed to overcome those issues but
they complicate fabrication and again reduce oxygen permeability [342].
Other device concepts utilize polymeric membranes in hybrid fabricated
devices for nutrient [321, 343, 344] and oxygen supply [345].
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In chapter 4, a method for maskless microstructuring of hydrogels in a
microfluidic chamber for batch mixing in biochemical analysis has been
established. In this section, the hydrogel structuring is adopted to fabricate
micro culturing chambers in microfluidic chips enabling complete feeding
control (gases and liquids) and on-chip analysis. Trapping suspended
microorganisms (or cells) inside a closed hydrogel micro chamber yields
many advantages in operation:
(i) Leaving cells in suspension while nutrients, antibiotics, and indicator
dyes are provided in the gel does not require any sample treatment and offers
the potential for self contained and customized bacterial testing.
(ii) Autonomous priming by the hydrophilic nature of the chip does
not require external pressure and pumping, an essential benefit to gain
acceptance in clinical use.
(iii) During cell growth, oxygen is allowed to diffuse from the air-filled
part of the chip through the gel to the micro chambers where the cells are
seeded, yielding simple control over normoxia or hypoxia.
(iv) Capturing the suspended growing microorganisms in a permeable
gel chamber for subsequent diffusive staining allows for a much simpler
fabrication technology because the minimum feature size is not governed
by cell size as in conventional trapping devices (e.g. in PDMS). The open
space enables safe and simple in-situ drug delivery by reducing operation to
only one pipetting step. Only small batches of reagents and short incubation
times (by short diffusion lengths) are required while no external pressure is
disturbing the culture (e.g. disrupting cellular chains by introduced flow).
(v) The mechanical guiding structures inherently offer the possibility for
simple cell seeding and medium supply in continuous cultures by utilizing
the difference of two-phase and laminar flow [346].
Antibiotic resistances of pathogenic bacteria have become a major health
care problem, threatening the achievements of modern medicine [347].
Cultivation of bacteria on agar plates has been the golden standard for
bacterial analysis but the method is laborious and time consuming. CHEN et
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al. have shown that the high ratio of (oxygen permeable) surface to volume
in microfluidic channels facilitates bacterial growth [341]. Several rapid,
microfluidic methods for antibiotic testing have been proposed, including
easy to handle devices with colorimetric readout [331, 348], analysis of
dielectrophoretic behavior [349], polymerase chain reaction [350] and
continuous flow chips with immobilized samples [329, 351–354].
As recently stated by WHITESIDES [196] and CHIN et al. [355] a more
general acceptance of microfluidic devices requires simple methodology
and handling as well as alternative fabrication methods. Sacrificing oxygen
permeability of PDMS-based devices for advantageous handling, priming,
and fabrication requires an alternative solution for oxygenation. With the
hydrogel oxygenation concept and the extra benefits of on-chip reagent
storage and diffusive in-situ analysis of microorganisms in suspension the
presented device adds significant value to microbiological analysis.
5.4.1 Device Fabrication and Operation Principle
As previously described in section 3.2, the microfluidic devices were
fabricated by hot roll lamination, enabling fast, parallel and cost efficient
fabrication. A schematic of the fabrication workflow is shown in Fig. 3.2.
Plug-in connectors for polytetrafluoroethylene (PTFE) tubes were made of
PDMS, punched through with a needle and bonded over the inlet holes by
oxygen plasma treatment.
The function of the device is illustrated in Fig. 5.11. A single chip
consists of three functional regions, defined by Laplace pressure barriers
(phaseguides) to guide liquid filling. A hydrogel is injected into the chip to
define the growth chambers and allow gas diffusion from the outer part of
the chip (Fig. 5.11 A). The schematic cross section in Fig. 5.11 B illustrates
the principle of the phaseguide structures of 100 µm height and 40 µm width.
An advancing liquid is induced to move along the guiding strips by the
sudden capillary pressure change at the structures.
Diffusion time of a chemical species scales with the diffusion distance
squared. In order to maximize oxygen influx and reduce diffusion time in
subsequent cell staining, the distance through the gel to the culture should
be minimized. This design input leads to the narrow finger structure,
surrounded by a thin gel rim. A minimum width is given by practical
aspects, including the maximum resolution and aspect ratio of dry film
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Figure 5.11: Operation principles of the microfluidic cell culture device. A:
Photograph of a gel pre-filled chip. The gel (in blue) defines the growth chamber,
in which the sample is injected. The outer part remains empty to allow oxygen
diffusion through the gel to the culture. B: Cross section of the chip, showing the
principle of phaseguides. C: Sample injection with void-free filling of the micro
chambers along the phaseguide structures. D: Injection of a chemical reagent
(region 3, in red) and diffusion through the gel (yellow, 2) to the culture (blue,
1). E: Continuous operation: Once the device is filled (yellow) a laminar flow is
established with diffusive medium supply to the finger structures (blue). Device
masks are shown in Appendix D.
laminate, robustness of the guiding effect, and minimum liquid amounts for
convenient pipetting. Previously, a value of 60% guiding structure height for
robust on-chip patterning of complex gel networks was determined (chapter
4).
Four culture chambers are designed in a symmetric shape with inlet holes
in the center of the closed gel structure. The chambers are 250 µm wide and
surrounded by another 250 µm of gel. With this design the device contains
about 1.6 µl hydrogel and sample.
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For static cell cultures the sample is injected into the central region 1 (Fig.
5.11 C) after the chip is prepared with the gel. For in-situ analysis or
chemical stimulus after incubation, a reagent is injected in the outer section
3 (Fig. 5.11 D) and allowed to diffuse through the gel into the culture.
In a continuous experiment, at first the sample fills the empty chamber along
the guiding structures. Once the chamber is full, the liquid flows in a laminar
regime, indicated by the red streamlines in Fig. 5.11 E with negligible flow
in the finger structures. This concept allows for cell seeding and medium
supply via the same inlet without any additional operation steps.
5.4.2 Chemicals and Experiments
Unless otherwise stated, chemicals were ordered from Carl Roth
(Germany). The hydrogel was prepared of deionized water with 0.4 % low
melt agarose. In a standard procedure the gel was autoclaved and cooled
down to 45 ◦C at which it was kept until injection into the chips. In order to
cure the gel, the chips were cooled down to 4 ◦C.
For the glucose assay, L+ glucose was added to the gel precursor in a
concentration of 250 mM. The sample, which was subsequently injected
into the gel-prepared chip, consisted of glucose oxidase (500 U/ml, Sigma
Aldrich), horseradish peroxidase (100 U/ml) and potassium iodide (50 mM).
For bacterial testing the gel was prepared with 20 mg/ml lysogenic broth
(LB). Gram negative E. coli (HB 101), B. amyloliquefaciens (FZB42) and
gram positive E. faecalis (DSM 16440) were cultivated on LB agar plates.
Samples were prepared by diluting a colony in 10 mM phosphate buffered
saline (PBS). For enumeration, serial dilutions were plated according to the
drop based method [313].
Stock solutions of ampicillin and gentamicin antibiotics were prepared in
concentrations of 5 mg/ml, 500 µg/ml and 50 µg/ml for minimal inhibitory
concentration experiments. Aliquotes were added to vials of 1 ml gel at
45 ◦C to give the final antibiotic concentrations in a range from 0 to 128 µg/l.
About 1.8 µl of gel were injected into each chip, the whole device was
sealed with tape and stored at 4 ◦C.
Bacterial samples were injected into the chips with different antibiotic
concentrations and subsequently incubated at 35 ◦C in normal air for
3 hours. After incubation, the cell permeable nucleic acid stain Syto-9
(10 µM, Invitrogen) and gram positive specific hexidium iodide (10 µM,
Invitrogen) in DI water were added to the outer part of the chip and
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incubated for 15 min. Images were taken with a fluorescence microscope
(Ex 470/30, Dm 495, Em 530 LP) with a mounted Nikon D5100 camera.
Image analysis was performed in Image J to quantify bacterial growth (see
Appendix C for details).
For colorimetric readout of bacterial growth, 20 mg/ml lactose (Sigma
Aldrich) and 2 mg/ml bromcresol purple were added to the gel precursor.
For the demonstration of enzyme assays a fluorescent substrate (DQ Gelatin,
Invitrogen) was used to determine the presence of bacterial gelatinase. For
analysis, the substrate (100 µg/ml in Tris HCl buffer) was injected in chip
region 3 after bacterial growth and incubated. Readings were performed
after 15 min.
Reference susceptibility testing was performed, using the disk diffusion
method according to the standards of the Clinical and Laboratory Standards
Institute [356]. Agar plates were prepared with unsupplemented Mueller
Hinton agar. Bacteria suspensions were adjusted to 108 CFU/ml (0.5
McFarland standard). Agar plates were inoculated by evenly spreading
bacteria with a swab. 6 mm filter discs, loaded with 10 µg antibiotic were
placed on the agar plate. Incubation time was 16 to 18 hours. The zone of
inhibition was measured as visible by the unaided eye.
S. cerevisiae was obtained as a fresh package (Hagold) and directly
suspended in PBS prior to the experiments. Continuous flow of 50 mg/ml
YPD medium was provided by a syringe pump at 1 µl/min. Cells were
cultured at room temperature, followed by time lapse photography on a
microscope. Fluorescent live/dead staining was performed at the end of
the experiment by adding 10 µM propidium iodide and 20 µM Syto 9.
5.4.3 Results and Discussion
Previously utilized photoinitiated hydrogels were evaluated for use in this
study. Polyethylene glycol diacrylate, polyethylene glycol dimethacrylate,
and hyaluron acid vinyl ester [124] were investigated. Due to oxygen
inhibition of the radical polymerization in the small structures, complete
polymerization was only possible in a nitrogen environment, complicating
the gel structuring. On the other hand, incomplete polymerized gels
showed to be a major reason for decreased biocompatibility as acrylate
monomers are toxic to bacteria, resulting in reduced growth. While
sufficiently cured gels did show good biocompatibility, these gels posed
another severe drawback by activating the fluorescent DNA dyes, making
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Figure 5.12: Growth of E. coli in hyaluronic acid vinyl ester (HAVE) hydrogel
chamber. Although bacteria showed excellent growth, DNA fluorescent dyes were
activated by the gel itself, making in-situ staining impossible.
in-situ staining impossible (5.12). Therefore, use of low melt agarose
gels was an advantageous alternative as the gelling temperature allowed
handling with pipettes and chips at room temperature. Gels were prepared
in analogy to conventional petri dishes with the gel chamber fabrication
in only one pipetting step with subsequent cooling. The fabricated device
showed excellent autonomous priming and robust guiding. Because of the
thin finger structure diffusion of a subsequently added drug was completed
within few minutes.
5.4.3.1 Oxygen Supply
The chosen chip dimensions are governed by the trade-off between diffusion
time and reliable filling. Oxygen diffusion from the empty part of a growth
chip towards the cell culture was calculated in a finite element simulation
in Comsol Multiphysiscs 4.4 (Fig. 5.13 A). With a diffusion coefficient
of molecular oxygen in agar [357] of 2.36 · 10−9 m2/s, the concentration
in the culture chamber is over 90% of that in the surrounding air within
2 min. An oxygen dependent glucose oxydase enzyme reaction was used
to visualize the oxygen influx through the gel (Fig. 5.13 B). According
to the following equation [358], glucose oxidase catalyzes the oxidation of
glucose to hydrogen peroxide. Further, horseradish peroxidase catalyzes the
reaction of hydrogen peroxide with potassium iodide to brown iodine:
Glucose + O2 + H2O
Glucose Oxidase−−−−−−−−→ Gluconic Acid + H2O2
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Figure 5.13: Illustration of oxygen supply. A: Finite element simulation (Comsol
Multiphysics 4.4) of oxygen diffusion through the gel. Within 2 min the oxygen
concentration in the center is 92 % of the concentration in air. B: Visualization of
oxygen influx through the gel by a glucose assay. In chip C the outer part was
left empty to allow ambient oxygen to diffuse into the gel while in chip D it was
also filled with the glucose gel. The absence of ambient oxygen in D inhibited the
enzymatic color reaction.
H2O2 + Potassium Iodide
HRP−−→ Iodine + H2O
The devices were prepared with a glucose containing gel and the enzyme
mix was introduced into the gel well. While in device C of Fig. 5.13B the
region 3 remained empty, it was filled up in device D to remove ambient
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oxygen. As seen from the color difference in both devices, there was no
reaction taking place in the finger structures of device D due to the absence
of ambient oxygen. To show the influence of ambient oxygen on bacteria,
aerobic Gram positive B. amyloliquefaciens were cultured in two chambers
in an analogous configuration. The comparison of bacterial growth after 10
hours in an aerobic and anaerobic chamber is shown in Fig. 5.14. For the
anaerobic growth condition the chip region 3 in Fig. 5.14A was filled with
culture medium. At the end, the medium was removed and both cultures
were stained. This experiment confirms the simple and effective possibility
to control aerobic and anaerobic growth conditions.
Figure 5.14: Cultivation of aerobic growing B. amyloliquefaciens. A: Ambient
oxygen was removed from device by filling region 3 with culture medium. B:
Oxygen was allowed to diffuse to the culture from the open space.
5.4.3.2 Bacterial Analysis
The simplest way to verify bacterial growth in a microfluidic chip is the
application of a colorimetric change. Lactose fermenting bacteria, such
as E. coli produce an acid which induces a color change of a present pH
indicator dye. A yellow color shift of bromophenol purple by a growing E.
coli culture is shown in Fig. 5.15. However, a major disadvantage of the
colorimetric readout is the dependence on the initial bacteria concentration,
which results in a time dependence to grow a large enough colony that
induces the color reaction. As a consequence, colorimetric devices are
usually incubated over night to get a definite answer [331, 348]. For this
reason, all further experiments were done with in-situ fluorescent staining
of bacterial samples.
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Figure 5.15: Colorimetric assay of lactose fermenting bacteria. Serial dilutions of
E. coli were incubated to show the impact of the initial concentration on the assay.
Image was taken after 5 hours incubation time. Initial sample concentrations: H:
2.5 · 107 Colony forming units (CFU) per ml. I: 2.5 · 106 CFU/ml. J: 2.5 · 105
CFU/ml. Only for the highest concentration a definite prove of growth was present.
Figure 5.16: Simultaeous growth of Gram positive E. faecalis (orange) and Gram
negative E. coli (green). Staining with cell permeable Syto 9 and Gram positive
specific hexidium iodide. In the inset the different phenotypes (cocci and rods) are
well visible.
Microfluidic devices are well suited for fluorescent readout because
the low channel height minimizes common medium autofluorescence and
fits to the focus depth of a microscope. In addition, the structure of the
presented chips allows for convenient in-situ staining after an experiment.
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Figure 5.17: Proof of enzyme expression of a bacterial culture in the chip.
In contrast to a control chip without bacteria and an E. coli culture B.
amyloliquefaciens express gelatinase, which can be detected by the fluorescent
substrate within minutes.
Differential staining with Syto 9 and hexidium iodide not only yields the
number of bacteria and their phenotype but also shows the Gram type in
mixed cultures [359], altogether valuable information for analysis of clinical
samples. Fig. 5.16 illustrates the simultaneous cultivation of Gram positive
E. faecalis, which appear as orange cocci and Gram negative E. coli as
green rods. In addition to the direct staining methods, enzymatic assays for
bacteria identification can be performed in the chip. A bacterial gelatinase
test is presented in Fig. 5.17. In contrast to E. coli, B. amyloliquefaciens
cultures produce gelatinase that cleaves the injected substrate to yield high
fluorescence. In clinical application a gelatinase test is used to differentiate
pathogenic S. aureus from nonpathogenic S. epidermis and can take up to
several days. [97]
As a reference for antibiotic susceptibility experiments, the used
bacteria strains were tested by the standardized disk diffusion method.
Interpretive reference values for inhibition zones and minimal inhibitory
concentrations (MIC) are given in Appendix B. Growth inhibition zones
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Figure 5.18: Disk diffusion antibiotic susceptibility testing of E. coli (HB 101).
A: Ampicillin with 10 mm inhibition zone. B: Gentamicin with 25 mm inhibition
zone.
Figure 5.19: Disk diffusion antibiotic susceptibility testing of E. faecalis (DSM
16440). A: Ampicillin with 21 mm inhibition zone. B: Gentamicin with 8.5 mm
inhibition zone.
around the filter discs are clearly visible in the images of the agar plates in
Fig. 5.18 for E. coli and Fig. 5.19 for E. faecalis.
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Table 5.3: Summary of antibiotic susceptibility results of the two tested strains.
Ampicillin Gentamicin
E. coli (HB 101) R MIC ≥32µg/ml S MIC ≤4µg/ml
E.faecalis (DSM 16440) S MIC ≤8µg/ml R NA
Results of the tested strains are summarized in Table 5.3. E. coli showed
to be resistant against Ampicillin with a minimal inhibitory concentration
(MIC) ≥ 32 µg/ml while susceptible to Gentamicin. On the other hand E.
faecalis was susceptible to Ampicillin and resistant to Gentamicin, as to all
aminoglycosides [356].
For antibiotic susceptibility tests, bacteria samples were introduced in
7 cultivation chambers that were prepared with antibiotic concentrations
from 0 to 128 µg/ml. A control value of injected bacteria was recorded
before incubation. Results of the experiments are summarized in Fig. 5.20
for E. coli and Fig. 5.21 for E. faecalis. Comparing efficacy of antibiotics
for each strain reveals that the rapid microfluidic method robustly
determines susceptibility with MIC concentrations in accordance with the
standard reference methods. As seen from the inset in Fig. 5.20A E. coli
growth was not inhibited at low Ampicillin concentrations but rather the
bacteria grew in long chains. This chain formation has been associated
with defense mechanisms against antibiotics, limiting their bactericidal
effects [360]. The fast and dramatic response to culture conditions in the
microenvironment is remarkable.
5.4.3.3 Continuous Culturing
In addition to static cultures the same device can be used for long-term
culturing of suspended cells with continuous supply of fresh medium. The
continuous configuration was tested by culturing S. cerevisiae. A tube with
continuous medium supply by a syringe pump was attached to the inlet. A
small number of cells were seeded into the device (Fig. 5.22A) with the first
few microliters, filling the chip. Once a laminar flow was established, fresh
medium flowed by the finger structures, supplying the cells by diffusion, as
shown in Fig. 5.11 E. Without any additional steps the cells were seeded
and supplied with medium via the same inlet.
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By the constant supply of fresh medium and removal of produced gas, the
culture was able to grow to a very high concentration (Fig. 5.22C). After the
experiment, viability was verified in-situ by fluorescent live/dead staining.
Only a low number of dead cells were stained by propidium iodide as seen
in Fig. 5.22C, revealing remarkably high viability. The possibility to expose
the culture to chemicals without disrupting the continuous experiment yields
many possibilities for drug testing experiments.
5.4.3.4 Conclusions
Microfluidic cell culturing techniques have made a tremendous progress
in the recent years and led to a entirely new field of research. With the
presented design we overcome a number of critical issues in the culturing
of suspended cells, including autonomous priming, sample preparation,
capturing microorganisms - fabrication resolution, in-situ drug delivery,
nutrients supply and oxygen control.
The in-situ polymerized hydrogel adds an enormous degree of freedom
to fabrication and handling of on-chip cell cultures. For further analysis,
enzyme assays can be run on the culturing device, just by one additional
pipetting step. Culture medium agar for chip injection can be prepared by
microbiologists just as conventional petri dishes with various nutrients and
drugs. Devices that are prepared in advance constitute a sample-in/answer-
out system for the end user. With fourteen culture chambers on a convenient
microscope format, parallel testing with a minimum of samples and reagents
can be performed. Phaseguide assisted seeding and subsequent diffusive
medium supply, enables shear-free cell cultures with the least possible
complexity.
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Figure 5.20: Antibiotic testing of E. coli, incubated with varying concentrations
of antibiotics. Bars represent mean growth values of 4 culture wells. Reference
values were recorded before incubation. A: E. coli showed to be resistant against
Ampicillin. The inset shows formation of long chains as a defense mechanism,
limiting antibiotic efficiency. B: Gentamicin effectively inhibited E. coli growth at
all concentrations > 1 µg/ml.
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Figure 5.21: Antibiotic testing of E. faecalis, incubated with varying
concentrations of antibiotics. Bars represent mean growth values of 4 culture
wells. A: Inhibition of E. faecalis growth by Ampicillin > 1 µg/ml. B: E. faecalis
resistance against Gentamicin at all concentrations.
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Figure 5.22: Continuous culturing of S. cerevisiae cells. A: Seeding of a small
number of cell into the chip. B: The culture 10 hours after experiment start. C: High
cell concentration after 20 hours of cultivation without loosing viability. Medium
flow rate 0.5 µl/min.
Chapter 6
Conclusions and Outlook
The development of different methods and approaches towards an objective
wound assessment has been the focus of this research. As discussed
in the literature review sections (1, 2.1, 4.1 and 5.1) wounds can show
very different characteristics depending on their etiology, including surgical
incisions, burns, arterial and venous diseases, diabetes and bedsores. The
many different reasons for the development of chronic or impaired healing
wounds call for a personalized, patient-centered wound care. Or, as put
another way by SIBBALD et al. [15],
Treatment of the whole patient before the hole in the patient
is required. Driven by the implications for the world wide health care
systems, optimal treatment of non-healing wounds, infections and drug
resistant bacteria have moved in the focus of clinical practice and research.
While the treatment of chronic wounds accounts for a substantial part of
the health care budget [361], the spread of antibiotic resistances put the
developments of modern medicine at risk [347]. These challenges in clinical
care, require a deeper understanding of the involved factors and, therefore,
call for novel diagnostic approaches. In order to gather useful information
about the wound-to-treat many different approaches have been followed and
wound research has become a multidisciplinary research field.
The research conducted in this thesis summarizes the main aspects of
wound healing and presents monitoring approaches by means of physical
(Chapter 2), biochemical (Chapter 4) and microbiological methods (Chapter
5). Despite the different approaches and origin of analytes, they interfere
with each other in the complex wound environment. As an example, the
pH value directly affects the activity of enzymes within wound. On the
other hand, the present microbes produce a certain microenvironment of
pH and extracellular proteins and enzymes. Thus, in their collective the
presented methods could help to generate a detailed picture of each wound
type. The aim of the developments has been to provide tools for rapid and
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simple analysis at the point of care. Complexity of analysis and the related
time and costs have prevented wound analysis from general application in
clinical care or even in larger clinical studies. Because of the variation
among wounds, longitudinal measurements are considered to be superior
over single point measurements. With the results a practitioner should be
able to determine the progress of healing to assess treatment or be warned
of adverse developments.
Temperature, pH value, moisture, and optical tissue properties have shown
to give a vital set of parameters that can be integrated into a single
miniaturized sensing device and simultaneously determined in the wound
bed. A proof of concept was demonstrated by experiments in a porcine
wound healing model. Further sensor optimization and clinical studies
in human wounds should be the first steps in further developments of
integrated wound sensing.
In-situ hydrogel polymerization was presented as a powerful tool in the
development of biochemical analytic devices. A microfluidic platform
for the implementation of parallel assays has been designed, fabricated,
and successfully tested with measurements of enzyme activity, protein
concentration, and white blood cell concentration. Design and fabrication
of a hand-held readout instrument and clinical tests are tasks to be
performed in the future. Delivery of a standard device with a customizable
polymerization kit could pave the way for novel tools in biological research.
Handling living cells and microorganisms on microfluidic chips is an
exciting field of research with manifold manipulation possibilities that
otherwise would not be thinkable or extremely complex. Herein, novel
concepts for especially detecting and analyzing bacteria are introduced.
Increasing analytic efficiency and reducing the requirement of bulk
equipment has driven these efforts.
Within the last years the understanding of impaired healing considerably
has improved with new approaches, such as the investigation of biofilms.
Some aspects still are controversially discussed among the medical experts
for their implications in chronic wounds. However, awareness of a
global problem and the need for further research in all aspects of chronic
wounds including fundamental healing processes, therapy and diagnostics
has dramatically increased.
Depending on the type of analysis, the method of sampling has a huge
impact on the results. In order to receive comparable results in research,
standardized sampling techniques are required [362]. While for bacterial
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analyses the Levine swab has become the preferred technique [2, 233,
242, 254–256], for biochemical POC analysis wound fluid absorption on
filter paper appears to be the most suitable method [158, 179, 363]. By
applying these standards, accurate evaluation of a set of parameters and
introduction in clinical routine could be imagined [362]. The results in this
thesis demonstrate that sensor technology can be a key enabling factor in
this process to gain further understanding of chronic wound healing and
eventually improve treatment procedures.
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Appendix A
Wound Sensor Controller
Schematic
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112 A Wound Sensor Controller Schematic
Figure A.1: Schematic of the microcontroller circuit.
Appendix B
Antibiotic Reference Testing
Table B.1: Interpretation of inhibition zone values of the disk diffusion test and
corresponding minimal inhibitory concentration (MIC). Diameters are given for
Susceptible, Intermediate and Resistant characterization [356].
E. coli (Enterobacteriaceae)
Diameter (mm) MIC (µg/ml)
Antimicrobial
Agent
Amount S I R S I R
Ampicillin 10 µg ≥17 14-16 ≤13 ≤8 16 ≥32
Gentamicin 10 µg ≥15 13-14 ≤12 ≤4 8 ≥16
E. faecalis (Enterococcus)
Diameter (mm) MIC (µg/ml)
Antimicrobial
Agent
Amount S I R S I R
Ampicillin 10 µg ≥17 - ≤16 ≤8 - ≥16
Gentamicin isolates should not be reported as susceptible
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Appendix C
Fluorescent Image Analysis
Fluorescent images are analyzed in Image J. Area fraction of bacteria in
the image is an appropriate measure because individual counts are prone
to underestimate growth at high concentrations and clustering. After
splitting channels and subtracting background a threshold for black&white
is applied. The relative area of bacteria is measured.
Image J macro:
d i r = g e t D i r e c t o r y ( ” Choose a D i r e c t o r y ” ) ; p r i n t ( d i r ) ;
r e s D i r = d i r + ”\ R e s u l t \\ ” ;
p r i n t ( r e s D i r ) ;
F i l e . m a k e D i r e c t o r y ( r e s D i r ) ;
l i s t = g e t F i l e L i s t ( d i r ) ;
run ( ” S e t Measurements . . . ” , ”
a r e a f r a c t i o n d i s p l a y r e d i r e c t =None d e c i m a l = 3 ” ) ;
f o r ( i =0 ; i< l i s t . l e n g t h ; i ++) {
i f ( endsWith ( l i s t [ i ] , ” . j p g ” ) ) {
p r i n t ( i + ” : ” + d i r + l i s t [ i ] ) ;
open ( d i r + l i s t [ i ] ) ;
imgName= g e t T i t l e ( ) ;
baseNameEnd= indexOf ( imgName , ” . j p g ” ) ;
baseName= s u b s t r i n g ( imgName , 0 , baseNameEnd ) ;
run ( ” S p l i t Channe l s ” ) ;
se lec tWindow ( imgName + ” ( g r e e n ) ” ) ;
/ / g r e e n / r e d f o r Gram n e g a t i v e / p o s i t i v e s t a i n i n g
run ( ” S u b t r a c t Background . . . ” , ” r o l l i n g = 3 0 ” ) ;
115
116 C Fluorescent Image Analysis
s e t A u t o T h r e s h o l d ( ” D e f a u l t da rk ” ) ;
/ / run ( ” T h r e s h o l d . . . ” ) ;
s e t O p t i o n ( ” BlackBackground ” , f a l s e ) ;
s e t T h r e s h o l d ( 2 0 , 2 5 5 ) ; / / T h r e s h o l d t o be a d j u s t e d
makeRec tang le ( 8 1 , 186 , 3072 , 2 3 1 ) ; / / d e f i n e ROI
run ( ” Measure ” ) ;
saveAs ( ” Jpg ” , r e s D i r +baseName + ”−g r e e n . j p g ” ) ;
run ( ” Close A l l ” ) ;
}}
Figure C.1: Extracted images for bacterial growth determination. Example of E.
coli at different Ampicillin concentrations: A: 0 µg/ml. B: 8 µg/ml. C: 128 µg/ml.
Relative area occupied by bacteria is measured.
Appendix D
Device Masks
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Figure D.1: Microarray Chip for Biochemical Analysis. Section 4.2
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Figure D.2: µFFE chip. Section 5.2
120 D Device Masks
Figure D.3: Low cost bacteria detection chip. Section 5.3
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Figure D.4: Rapid Bacterial Testing chip. Section 5.4
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